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1 | INTRODUCTION

Abstract

Parkinson's disease prevalence is rapidly increasing in an aging global population.
With this increase comes exponentially rising social and economic costs, emphasizing
the immediate need for effective disease-modifying treatments. Motor dysfunction
results from the loss of dopaminergic neurons in the substantia nigra pars compacta
and depletion of dopamine in the nigrostriatal pathway. While a specific biochemical
mechanism remains elusive, oxidative stress plays an undeniable role in a complex
and progressive neurodegenerative cascade. This review will explore the molecular
factors that contribute to the high steady-state of oxidative stress in the healthy
substantia nigra during aging, and how this chemical environment renders neurons
susceptible to oxidative damage in Parkinson's disease. Contributing factors to oxida-
tive stress during aging and as a pathogenic mechanism for Parkinson's disease will
be discussed within the context of how and why therapeutic approaches targeting
cellular redox activity in this disorder have, to date, yielded little therapeutic benefit.
We present a contemporary perspective on the central biochemical contribution of
redox imbalance to Parkinson's disease etiology and argue that improving our abil-
ity to accurately measure oxidative stress, dopaminergic neurotransmission and cell
death pathways in vivo is crucial for both the development of new therapies and the
identification of novel disease biomarkers.
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of dopaminergic neurons in the substantia nigra pars compacta

(SNc), and accumulating evidence implicates oxidative stress as a

Parkinson's disease (PD) is the most common neurodegenerative
movement disorder. The global prevalence of PD is predicted to dou-
ble by 2,040 (Dorsey & Bloem, 2018), making it the fastest growing
neurodegenerative disorder ahead of Alzheimer's disease (Feigin
et al., 2017). For perspective, if PD were transmissible, it would
now be considered a global pandemic (Dorsey & Bloem, 2018).

Movement dysfunction in PD results from the progressive death

key driver of the complex degenerating cascade underlying dopa-
minergic neurodegeneration in all forms of PD (Blesa, Trigo-Damas,
Quiroga-Varela, & Jackson-Lewis, 2015; Dias, Junn, & Mouradian,
2013). Oxidative stress arises from dysregulation of cellular redox
activity, where production of reactive oxygen species (ROS; Figure
1) outweighs clearance by endogenous antioxidant enzymes and

molecular chaperones. Oxidative stress in itself is therefore not
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FIGURE 1 Common reactive oxygen species, their production,
and clearance. Incomplete reduction of molecular oxygen (O,)
produces superoxide radicals (O,7), which may be converted to
hydroxyl radicals (*OH) via Haber-Weiss chemistry, or to hydrogen
peroxide (H,0,) through the action of enzymes or molecules with
superoxide dismutase (SOD) activity. Hydrogen peroxide is also

a substrate for hydroxyl radical production via Fenton chemistry,
catalyzed by labile ferrous iron. Hydrogen peroxide decomposition
to water and oxygen is mediated by the enzymatic action of
glutathione peroxidase (GPx) coupled to redox cycling of reduced
(GSH) and oxidized (GSSG) glutathione, and also by catalase.
Unpaired electrons are highlighted in red

pathological; rather, ROS accumulation following cellular redox
imbalance mediates neuronal damage. Although ROS constitute
important signaling molecules regulating physiological gene tran-
scription and protein interactions (Schieber & Chandel, 2014), ROS
accumulation can result in oxidative damage to lipids, proteins, DNA,
and RNA depending on the subcellular location of ROS production,
compromising neuronal function and structural integrity (Schieber
& Chandel, 2014). Importantly, data collected from early-stage PD
patients demonstrate that elevated oxidative stress is a robust fea-
ture of initial disease stages, occurring prior to significant neuron
loss (Ferrer, Martinez, Blanco, Dalfo, & Carmona, 2011). This impli-
cates uncontrolled ROS generation as a potential causative factor
in dopaminergic neuron death, rather than being a secondary re-
sponse to progressive neurodegeneration. A better understanding

of the complex role oxidative stress plays in the etiology of PD may

therefore reveal new targets for therapeutic modification and pre-

clinical diagnosis.

2 | REDOX ENVIRONMENT WITHIN THE
SUBSTANTIA NIGRA PARS COMPACTA

Specific subpopulations of dopaminergic neurons exist within the
human SNc. In primates, dopamine neurons in the dorsal tier of the
SNc (dSNc) receive projections from, and project to, the caudate and
anterior putamen, which are themselves innervated by association
cortices (Haber, Fudge, & McFarland, 2000). Ventral tier (vSNc) do-
pamine neurons, on the other hand, receive innervation from the
caudate and anterior, intermediate, and posterior putamen and al-
most exclusively reciprocally innervate the intermediate and poste-
rior putamen. In PD, significant degeneration of dopamine neurons
is observed within both nigral subpopulations; however, neuronal
loss in the vSNc precedes that observed within the dorsal tier, and
is comparatively much more severe (Gibb & Lees, 1991). Identifying
etiological factors for PD which differentiate the ventral and dorsal
tiers of the SNc will greatly advance our understanding of the spe-
cific spatiotemporal progression of dopamine neuron death in this
disorder.

Like many other neurodegenerative disorders, the biggest risk
factor for PD is age: Sporadic PD is rare prior to 50 years; how-
ever, prevalence steadily increases to 2% in the global population
aged 65 years, peaking at 5% in individuals aged 80 years (Tysnes
& Storstein, 2017). This association suggests that age-related bio-
molecular changes within brain regions that are vulnerable to de-
generation in PD, namely the SNc, contribute to an increased risk of
developing PD. Indeed, current data demonstrate moderate patho-
logical change in the healthy postmortem human SNc compared
with other similarly-aged brain regions, including mild mitochon-
drial dysfunction, calcium, and iron dysregulation, and antioxidant
deficiencies (James et al., 2015; Reeve, Simcox, & Turnbull, 2014;
Venkateshappa et al., 2012). These pathologies are likely a product
of disturbances in the unique biochemical environment within aging
nigral dopaminergic neurons, which will be discussed in detail below,
and are suggested to underlie the gradual shift in neuronal redox
balance to dangerous levels as the brain ages. Importantly, age-re-
lated redox changes within the SNc appear to manifest within the
ventral tier more severely, indicating heightened redox dyshomeo-
stasis within this nigral subregion may underlie its selective vulner-
ability. Improving our knowledge of oxidative pathology in the aging
SNc may therefore enhance our understanding of both the origins
of oxidative stress in PD, and the contribution of such processes to
the spatiotemporal progression of SNc dopaminergic neurodegener-
ation in this disorder.

While oxidative stress is typically associated with neuron death,
it is unclear whether mild and progressive ROS accumulation in the
aging SNc results in gradual nigral dopaminergic neuron death in
healthy individuals. Mild-moderate reductions (5%-10% per decade)
in dopaminergic neuron density are reported in the postmortem
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FIGURE 2 Reactive oxygen species are an inherent by-product of oxidative phosphorylation in the mitochondrial ETC. (a) Electrons
generated by the tricarboxylic acid cycle in the mitochondrial matrix are shuttled to ETC complexes | and Il by NADPH and FADH,,
respectively. They are then transferred to complex |V of the ETC with the help of inner mitochondrial membrane (IMM) electron shuttles

(Q, coenzyme Q; C, cytochrome c) where they reduce molecular oxygen to water, a process which simultaneously drives ATP production by
ATP synthase (ETC complex V). A small amount of premature electron leakage occurs naturally during oxidative phosphorylation, whereby
electrons bound within ETC complexes | and Il diffuse into both the mitochondrial matrix and intermembrane space (IMS). Here, they

may cause incomplete reduction of molecular oxygen (O,), generating superoxide radicals (O,) that may subsequently be converted to
hydrogen peroxide (H,0,) through the action of superoxide dismutase 1 or 2 (SOD1/2). Electron leakage from the electron transport chain is
worsened during healthy aging, or by pathogenic factors such as genetic mutations (SNCA, SOD1), environmental toxins (MPTP, rotenone), or
misfolded proteins (a-synuclein, SOD1). (b) Mitochondrial H,O, levels are regulated by glutathione peroxidase (GPx) and peroxiredoxin (PRx),
coupled to the redox cycling of glutathione (GSH/GSSG) and thioredoxin (TRx*"/TRx>%), respectively. While the oxidation component of
each cycle is mediated by GPx and PRx, glutathione reductase (GR) and thioredoxin reductase (TRxR) drive NADPH-dependent glutathione

and thioredoxin reduction, respectively, to complete the redox loop

SNc of approximately one-third of clinically healthy, aged individu-
als (Buchman et al., 2012; Fearnley & Lees, 1991; Ma, Roytt, Collan,
& Rinne, 1999), and dopamine receptor levels steadily decline (10%
per decade) from early adulthood (Mukherjee et al., 2002). These
results, however, are difficult to interpret given they do not ac-
count for the proportionate (5%) reduction in human brain volume
per decade during aging (Svennerholm, Bostrom, & Jungbjer, 1997).
Irrespective of its impact on neuronal survival during healthy aging,
the high basal level of oxidative stress within aging SNc dopamine
neurons is thought to confer vulnerability to oxidative insult follow-

ing further deterioration of neuronal oxidative balance in PD. Many

drivers of nigral oxidative stress in healthy aging have been iden-
tified as key contributors to heightened oxidative stress in the PD
SN, suggesting that the etiology of PD may involve an exacerbation
of molecular pathways involved in healthy aging (Collier, Kanaan, &
Kordower, 2017; Reeve et al., 2014). It is the presence of additional
and compounding factors specifically in the PD SNc, however, that
are thought to progressively exacerbate the imbalance between ROS
production and clearance in this brain region in PD, associated with
severe nigral neurodegeneration which is absent in healthy aging.
Identifying prominent sources of ROS within the PD SNc may enable
the development of targeted therapeutic approaches for PD, which
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mitigate SNc dopamine neuron loss by restoring redox homeostasis

in this brain region.

3 | MITOCHONDRIA

Mitochondria are a primary intracellular source of ROS during
healthy aging (Brand et al., 2004). Mitochondrial ATP production
powers neural activity and maintains cellular homeostasis, which
is achieved through oxidative phosphorylation in the mitochondrial
electron transport chain (ETC; Figure 2). Premature electron trans-
fer from complexes | and Ill of the ETC to O, occurs naturally in
intact mammalian mitochondria (Drose & Brandt, 2008; Kussmaul
& Hirst, 2006) and generates superoxide radicals (O,) as a physi-
ological by-product of energy production. These ROS can trigger
the formation of hydroxyl radicals (*OH), which are thought to
mediate primary neuronal oxidative damage both within and out-
side of mitochondria following their diffusion out of mitochondria
(Weidinger & Kozlov, 2015). As a counterbalance, mitochondria
contain two of the three eukaryotic superoxide dismutases (SOD),
which detoxify O, into less harmful hydrogen peroxide (H,O,;
Ruszkiewicz & Albrecht, 2015). Manganese superoxide dismutase
(SOD2) is localized to the mitochondrial matrix and inner mem-
brane (Karnati, Luers, Pfreimer, & Baumgart-Vogt, 2013), whereas
copper/zinc superoxide dismutase (SOD1) exists within the mito-
chondrial intermembrane space, cytosol, and many other cellular
compartments (Kawamata & Manfredi, 2010). Mitochondrial H,0,
produced by SOD1/2 is decomposed to innocuous O, and H,0 via
specific mitochondrial glutathione peroxidases (GPx1/4; Brigelius-
Flohe & Maiorino, 2013) and peroxiredoxins (PRx3/5; Ruszkiewicz
& Albrecht, 2015; Figure 2). While H,0, likely represents less of a
threat for oxidative damage compared with more redox-active ROS,
such as ®*OH, the longer half-life of H,O, and greater rate of dif-
fusion from mitochondria into other cellular compartments allow
it to act as an effective redox signaling molecule (Collins et al.,
2012; Murphy, 2009). This involves reversible oxidative modifica-
tion of proteins, especially thiol groups of cysteine residues (Eaton,
2006), which act as a redox switch by altering physiological pro-
tein functions, promoting alternative protein functions, or facilitat-
ing secondary interactions (D'Autreaux & Toledano, 2007; Eaton,
2006; Murphy, 2009). Effective regulation of mitochondrial H,O,
by endogenous antioxidant pathways therefore constitutes an es-
sential mechanism for maintaining physiological redox signaling and

homeostasis.

3.1 | Energy production and pacemaker activity
in the substantia nigra pars compacta

The inherent production of ROS during ATP synthesis is greater
within specific neuronal populations with higher energy demands,
including dopaminergic neurons of the SNc. The large and unmy-
elinated axonal arbor of these neurons, whose size and complexity
are orders of magnitude greater than other classes of dopamine

neurons and other types of neurons in the brain (Pissadaki &
Bolam, 2013), necessitates higher rates of ATP production to
maintain resting membrane potential, propagate action potentials,
and enable synaptic transmission. Unlike the majority of neurons
throughout the brain, adult SNc dopamine neurons are also au-
tonomously active. Regular action potentials (2-4 Hz) are gener-
ated in the absence of synaptic input (Grace & Bunney, 1983) to
maintain dopamine levels in regions innervated by the SNc, es-
pecially the striatum (Romo & Schultz, 1990). Similar pacemaker
function in neighboring neuronal populations, such as dopamine
neurons of the ventral tegmental area, is driven by monovalent
cation channels; however, SNc dopamine neurons employ L-type
Ca, 1.3 Ca?* channels (Bonci, Grillner, Mercuri, & Bernardi, 1998;
Chan et al., 2007). Resulting Ca?" influxes have the capacity to dis-
rupt cell signaling and metabolic pathways, due to the importance
of Ca®* as a secondary messenger. Accordingly, imported Ca®*
must be immediately sequestered into the endoplasmic reticulum
or mitochondria for storage, or pumped back into the extracellu-
lar space against an enormous concentration gradient, processes
which require substantial amounts of energy (Perier & Vila, 2012).
This constant Ca?* buffering burden is a unique feature of SNc
dopamine neurons, as other neuronal populations expressing
Ca, 1.3 Ca?* channels are only activated episodically (Olson et al.,
2005), making the task and metabolic cost of Ca?* homeostasis
relatively manageable. Together, the natural physiology and Ca®*
pacemaking activity of SNc dopamine neurons impose a high
metabolic burden specifically on this neuronal population, which
creates susceptibility to excessive ROS generation in situations
when energy demand (protonmotive force) exceeds the capacity
for supply. Mitochondrial ETC dysfunction, particularly in complex
| (Puspita, Chung, & Shim, 2017), constitutes one such situation,
whereby electron delivery to the ETC (demand) surpasses the
redox capability of defective ETC complexes attempting oxida-
tive phosphorylation (supply). The resultant increase in premature
electron transfer to O, generates substantial O,", causing oxida-
tive damage to DNA, lipids, and proteins both within and outside
of mitochondria.

Mitochondrial complex | activity gradually diminishes within
SNc dopamine neurons with age (Venkateshappa et al., 2012), and
thus, the unique biophysical properties of nigral dopamine neurons
may contribute to the high baseline level of oxidative stress within
the aging SNc. Additionally, dopamine neurons within the healthy
human vSNc do not express calbindin, an important neuronal Ca%*
buffering protein (Schmidt, 2012), contrast to substantial expression
in the dSNc (Reyes et al., 2012). These data suggest ca? dysregula-
tion and redox imbalance related to aging or PD etiology may impact
the ventral tier of the SNc well before the dorsal tier due to insuffi-
cient Ca?* buffering, which may contribute to the selective vulner-
ability of the vSNc to degeneration in PD. Indeed, nigral dopamine
neurons lacking calbindin are selectively vulnerable to degeneration
following administration of the mitochondrial toxin 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) in nonhuman primates
(German, Manaye, Sonsalla, & Brooks, 1992), and this can be rescued
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by viral vector-mediated recruitment of calbindin into these neurons
(Inoue et al., 2018).

Overall, maintaining ca? pacemaker activity throughout such a
complex axonal architecture imposes a tighter energy budget on ni-
gral dopamine neurons compared with those in other brain regions,
especially those within the vSNc, which is likely to contribute to their
high baseline level of oxidative stress and vulnerability to degenera-
tion in PD. Ca®* dyshomeostasis, in particular, is likely to constitute
a novel therapeutic target for PD, considering the substantial ther-
apeutic benefit of bolstering Ca®* buffering in the vSNc of nonhu-
man primates using calbindin. Multiple retrospective analyses have
identified a significant reduction in risk of PD in hypertensive pa-
tients treated with Ca?* channel antagonists, but not with other anti-
hypertensive medications (Becker, Jick, & Meier, 2008; Rodnitzky,
1999). Further, similar to calbindin, Ca?* channel antagonists dimin-
ish the sensitivity of SNc dopamine neurons to mitochondrial toxins
(Chan et al., 2007). Elicited reductions in Ca%* influx do not appear
to ameliorate physiological pacemaking activity, nor do they elicit
learning or cognitive deficits in mice (Bonci et al., 1998). Accordingly,
a phase lll, double-blind, placebo-controlled, randomized clinical
trial of an L-type Ca?* channel blocker is currently underway in a
large cohort of early PD patients (NCT02168842).

3.2 | Mitochondrial dysfunction

While increasing mitochondrial ROS production in the aging SNc
arises from the gradual deterioration of physiological redox regula-
tion, excessive ROS generation by mitochondria in the PD SNc is as-
sociated with severe ETC impairment and oxidative damage imposed
by additional environmental toxins and pesticides, and genetic muta-
tions (Schapira et al., 1990). These compounding elements are likely
to drive an already energetically stressed mitochondrial ETC system
past its absolute redox capability, combining with the high energy
demands of a complex axonal arbor and large calcium-buffering bur-
den to trigger a severe disequilibrium in electron delivery and utiliza-
tion by the ETC. A number of environmental toxins and pesticides,
including MPTP and rotenone, freely cross lipid membranes and ac-
cumulate in mitochondria following inhalation or ingestion (Perier,
Bove, Vila, & Przedborski, 2003). Once inside mitochondria, they
significantly impair mitochondrial complex 1 redox activity by block-
ing the flow of electrons from NADH dehydrogenase to coenzyme
Q (Ramsay et al., 1991; Richardson, Quan, Sherer, Greenamyre, &
Miller, 2005), promoting significant O, generation and reducing ATP
synthesis. Importantly, MPTP treatment only yields a transient 20%
reduction in mouse striatal and midbrain ATP levels in vivo (Chan,
Delanney, Irwin, Langston, & Di Monte, 1991), suggesting MPTP-
induced ATP deficiency may not play a primary pathogenic role in
PD. Altered mitochondrial function per se cannot be automatically
equated with energy failure, reduced energy function impairing op-
timal neuron functioning but still compatible with survival (Pathak,
Berthet, & Nakamura, 2013). Nonetheless, these compounds dem-
onstrate acute and preferential cytotoxicity to nigral dopaminergic
neurons (Blesa & Przedborski, 2014). It is therefore more likely that
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other MPTP-induced biochemical changes, most notably significant
ROS generation, contribute to the selective vulnerability of this
unique neuronal population to degeneration in PD. Supporting a
role for ROS in MPTP-induced neurotoxicity, transgenic mice with
increased SOD1 antioxidant activity are resistant to dopaminer-
gic denervation following MPTP administration (Przedborski et al.,
1992). Admittedly, these compounds are rare outside of a laboratory
environment; however, understanding the bases of their preferential
toxicity to nigral dopaminergic neurons will undoubtedly uncover
important mechanisms underlying specific SNc neurodegeneration
in PD.

In addition to environmental chemical factors, nearly all known
genetic mutations linked to PD result in an impairment of mito-
chondrial complex | activity and associated ROS production, albeit
via different molecular pathways. Generally, mutations associated
with autosomal recessive forms of PD (DJ-1, PINK-1, PARK2, GBA-1,
ATP13A2) result in mitochondrial fragmentation and loss of com-
plex | activity following a loss of function of their protein products
(Blesa et al., 2015; Dias et al., 2013; Gegg & Schapira, 2016; Gusdon,
Zhu, Van Houten, & Chu, 2012; Hayashi et al., 2009; Muftuoglu et
al., 2004), indicative of an important role for these proteins in the
physiological function of the mitochondrial ETC. Accordingly, intro-
duction of human wild-type DJ-1 or PINK-1 can rescue complex |
deficiency in transgenic strains of D. melanogaster or mice express-
ing human mutant DJ-1 or PINK-1 proteins (Hao, Giasson, & Bonini,
2010; Morais et al., 2009). The endogenous function of DJ-1 may
also protect against ROS generated by the calcium pacemaking
activity of SNc dopamine neurons under physiological conditions
(Guzman et al., 2010). In contrast, mutations underlying autoso-
mal dominant PD (SNCA, LRRK?2) are associated with a gain-of-toxic
function of misfolded protein products, disrupting mitochondrial
oxidative phosphorylation via an interaction with complex |. The
mitochondrial accumulation of mutant (Martin et al., 2006) or wild-
type (Hsu et al., 2000) a-synuclein, the protein product of SNCA, in
dopaminergic neurons reduces complex | activity and elevates ROS
production in vivo in transgenic mice. This occurs prior to striatal
dopamine loss (Subramaniam, Vergnes, Franich, Reue, & Chesselet,
2014), strongly suggestive of a causative role in dopaminergic neu-
ron death in human PD. The specific vulnerability of SNc dopami-
nergic neurons in familial PD, despite the system-wide presence of
genetic mutations throughout the PD brain and body, again high-
lights the unique susceptibility of this neuronal population to dam-

age following increased mitochondrial oxidative stress.

4 | DOPAMINE AND IRON REDOX
CHEMISTRY

Significant amounts of ROS are generated within SNc dopamin-
ergic neurons and surrounding glia by the oxidative metabolism
of dopamine (Westlund, Denney, Rose, & Abell, 1988; Figure 3).
Oxidative deamination of dopamine by monoamine oxidases gen-

erates H,0, as a by-product, whereas enzymatic oxidation of
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occur via interactions with labile iron and other biometals (Hare &
Double, 2016), generating ROS (H,0,, O,", *OH), pro-oxidant dopa-
mine-o-quinones (DAQ) and a raft of other neurotoxins (Figure 3),
comprehensively reviewed elsewhere (Hare & Double, 2016; Sun,
Pham, Hare, & Waite, 2018). Importantly, specific pathways within
this complex network of iron-dopamine chemistry are seemingly
favored by different chemical environments in vitro. Acidosis accel-
erates dopamine oxidation and promotes aminochrome formation,
suggesting clinically measured brain tissue acidosis in PD may pro-
mote iron-dopamine redox chemistry and the accumulation of pro-
oxidant aminochrome in the SNc in this disorder (Sun et al., 2018).
While these investigations have yet to be translated into complex
cellular systems, they may have the potential to underlie the pro-

gressive and worsening nature of cell loss in PD.
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Of the iron-dopamine metabolites, DAQs constitute particularly
versatile intermediates in pathways producing harmful pro-oxidant
dopamine derivatives, aside from their own capacity to alkylate pro-
tein thiol and amine groups and promote protein oxidation in the
presence of ROS (Meiser, Weindl, & Hiller, 2013). The tetrahydroiso-
quinoline salsolinol is one such DAQ derivative, which enhances ox-
idative stress and mitochondrial damage by inhibiting ETC function
(Su et al., 2013). Salsolinol also disrupts clearance of dopamine by
monoamine oxidases (Napolitano, Manini, & d'Ischia, 2011), shifting
dopamine metabolism toward more damaging metabolic pathways
which produce DAQs. Another derivative, 6-hydroxydopamine (6-
OHDA), generates substantial amounts of O, by inhibiting mito-
chondrial ETC complexes | and IV (Puspita et al., 2017). Given the
enormous neurotoxic potential of DAQs, and the remarkably slow
conversion of DAQs to neuromelanin (NM), it is likely endogenous
mechanisms of DAQ detoxification exist. Potential roles for SOD1,

glutathione transferase (by way of glutathione conjugation), and
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macrophage migration inhibitory factor have been suggested via
evidence of direct interactions with DAQs (Emdadul Haque et al.,
2003).

4.1 | Iron accumulation

Pro-oxidant interactions between iron and dopamine are suggested
to be enhanced in the aging SNc because of a preferential accu-
mulation of labile iron in this brain region (Hare & Double, 2016).
This is perhaps associated with age-dependent ferritin dysfunction
documented in Caenorhabditis elegans, whereby reactive ferrous iron
(Fe?")is no longer efficiently oxidized to more chemically stable fer-
ric iron (Fe*") for storage (James et al., 2015). Similar experiments
have not been performed in human postmortem tissues, owing to
difficulties in preserving iron redox state during tissue collection
procedures, as well as our inability to accurately assay ferritin iron
loading in vivo. Further, it will be important to determine the rela-
tive contributions of microglia and astrocytes to iron accumulation
in the aging SNc, as these non-neuronal cell types typically store ap-
proximately three times the quantity of iron compared with neurons
without exhibiting signs of iron-mediated toxicity (Bishop, Dang,
Dringen, & Robinson, 2011).

Iron accumulation in PD is significantly enhanced compared
with healthy aging; iron levels are elevated twofold in the postmor-
tem SNc compared with age-matched controls (Dexter et al., 1989;
Genoud et al., 2017). In vivo MRI imaging of SNc proton transverse
relaxation states, known to be correlated with regional iron content,
in early PD patients and age-matched controls revealed iron depo-
sition was limited to the vSNc in early-stage PD (Martin, Wieler, &
Gee, 2008). While these data indirectly suggest iron accumulation
correlates with the specific spatiotemporal progression of neuron
loss in PD, direct measurement of SNc iron content in the vSNc and
dSNc of early PD patients in vivo or postmortem will be necessary
to implicate iron-mediated toxicity in PD etiology with any great
certainty. Investigations using cutting-edge spatial imaging technol-
ogies, such as laser ablation-inductively coupled plasma-mass spec-
trometry or synchrotron radiation X-ray fluorescence microscopy
(Hare, Kysenius, et al., 2017), are warranted.

The origin of this increase is unknown, but recent evidence sug-
gests excessive early-life iron intake in iron-supplemented cereals
and infant formulae may contribute to brain iron accumulation, and
thus perhaps risk of PD (Hare, Cardoso, et al., 2017). The impact
of high dietary iron intake during adolescent and adult life on the
risk of developing PD is less clear (Logroscino, Gao, Chen, Wing, &
Ascherio, 2008). Dysregulation iron metabolism in PD may also in-
volve unregulated phosphorylation or oxidation of a-synuclein (Duce
et al.,, 2017), a well-documented feature within the PD SNc (Barrett
& Timothy Greenamyre, 2015). Atypical posttranslational modifica-
tion of a-synuclein triggers redistribution to the cytoplasm, which
impairs transferrin receptor-mediated iron import (Baksi, Tripathi, &
Singh, 2016). This induces alternative iron import mechanisms, such
as DMT1, which are not subject to negative-feedback regulation
by intracellular iron levels (Salazar et al., 2008), and may therefore
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contribute to intracellular iron accumulation in the PD SNc. An in-
crease in DMT1 is observed in the SNc of PD patients (Salazar et
al., 2008). Aside from excessive or unregulated iron intake, it is pos-
sible that alterations in the iron storage protein ferritin contribute
to heightened iron accumulation in PD, although it is unclear if and
how ferritin protein levels are altered, or whether reported reduc-
tions in the storage capacity of ferritin with age are exacerbated
or improved in PD. Neuronal iron export, on the other hand, is re-
duced in the PD SNc via a reduction in the ferroxidase activity of
ceruloplasmin, an essential cuproprotein mediating neuronal iron
export through ferroportin onto interstitial apo-transferrin (Ayton
et al., 2013). Impairment of ceruloplasmin ferroxidase activity is as-
sociated with severe intraneuronal copper deficiency in the PD SNc
(Davies et al., 2014; Genoud et al., 2017), which likely favors copper
delivery to cuproproteins with high copper-binding affinities (SOD1,
cytochrome c oxidase) at the expense of ceruloplasmin. Additional
reductions in amyloid precursor protein (Ayton et al., 2015) and sol-
uble tau protein (Lei et al., 2012) in the PD SNc are also believed
to destabilize ferroportin at the cell surface to impair iron export
(Wong et al., 2014).

Together, current data indicate a multilayered failure of iron me-
tabolism specifically within the PD SNc (New, 2013), resulting in an
increased pool of pro-oxidant, labile cytoplasmic iron in this brain
region in PD. Importantly, other brain regions also exhibit signs of
iron accumulation in PD (Wang et al., 2016), and thus, iron accumula-
tion alone is unable to explain the specific vulnerability of the SNc to
degeneration in PD. Additional factors must be present in this brain
region which potentiate the toxicity of iron selectively in the SNc
(Genoud et al., 2017).

4.2 | Dopamine transporters, a-synuclein, and
neurotransmitter release

Dopamine transporter (DAT) and vesicular monoamine transporter 2
(VMAT2) represent major defense mechanisms against ROS gener-
ated by iron-dopamine chemistry, removing free dopamine from the
synapse and packaging it into synaptic vesicles where it is compara-
tively protected from oxidation (Exner, Lutz, Haass, & Winklhofer,
2012; Figure 4). Nigral expression of DAT, but not VMAT2, appears
to gradually decline with age (Ma, Ciliax, et al., 1999), suggesting that
reduced clearance of synaptic dopamine may augment ROS produc-
tion in the SNc during healthy aging by promoting oxidative metabo-
lism of free dopamine. Wild-type a-synuclein is known to interact
with VMAT2 during vesicle filling (Yavich, Tanila, Vepsalainen, &
Jakala, 2004) and to inhibit DAT-mediated synaptic dopamine reup-
take (Butler et al., 2015) and is proposed to play a physiological role
in both processes (Figure 4). The fusion and clustering of tSNARE-as-
sociated vesicles to the presynaptic membrane is also regulated by
an interaction of a-synuclein with VAMP2 in the presynaptic termi-
nal (Burre et al., 2010), which keeps VAMP2 in close proximity to
tSNAREs to regulate neurotransmitter release.

In the PD SNc, surviving dopaminergic neurons exhibit an
increase in dopamine production, and a concomitant reduction
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FIGURE 4 Alterations in dopamine, iron, and a-synuclein promote oxidative stress selectively in the SNc. Under physiological conditions,
a-synuclein facilitates dynamin-mediated endocytosis of transferrin receptor and iron-bound holo-transferrin. A facile cytoplasmic labile
iron pool is tightly maintained by ferritin to enable ferroprotein function, including dopamine production by tyrosine hydroxylase (TH).
a-Synuclein facilitates multiple steps in synaptic dopamine release and repackaging, including VMAT2-mediated dopamine packaging into
synaptic vesicles, VAMP2 binding to tSNARE proteins in the presynaptic membrane, and dopamine transporter (DAT)-mediated synaptic
dopamine reuptake and repackaging into synaptic vesicles. In Parkinson's disease, oxidation and phosphorylation of a-synuclein impair
transferrin receptor-mediated iron import, necessitating the utilization of divalent metal transporter 1 (DMT1), which is not regulated

by intracellular iron levels. Combined with an age-dependent diminution in the iron storage capacity of ferritin, this elevates the labile

iron pool, which participates in Fenton chemistry and reacts with free dopamine to produce ROS. Free dopamine is also elevated due to
impaired dopamine packaging into synaptic vesicles and reduced synaptic dopamine release, both of which are associated with atypical
posttranslational modification of a-synuclein. Oxidation and phosphorylation of a-synuclein is associated with Lewy pathology deposition,
exacerbating nigral oxidative stress. Figure adapted from Duce et al. (2017)

in synaptic dopamine clearance and repackaging into vesicles, The dysregulation of iron and dopamine metabolism within the
owing to dysregulation of DAT and VMAT2 within these neurons PD SNc is intrinsically linked to pathological a-synuclein protein, and
(Harrington, Augood, Kingsbury, Foster, & Emson, 1996; Nutt, the convergence of these factors specifically within the SNc may
Carter, & Sexton, 2004). Alterations to VMAT2 and DAT are asso- contribute to its selective vulnerability in PD. The formation of toxic

ciated with aberrant posttranslational modification or mutation of products from iron-dopamine chemistry in the SNc produces a far
a-synuclein protein, which can impede VMAT2-mediated repack- more damaging redox environment in this brain region compared
aging of dopamine into synaptic vesicles (Lotharius & Brundin, with nondopaminergic brain regions exhibiting iron accumulation or
2002), and impair regulation of DAT expression at the cell surface a-synuclein pathology in isolation. Counteracting the formation of
(Sidhu, Wersinger, & Vernier, 2004). Combined, these changes ele- these damaging redox species constitutes a primary target for ther-
vate free cytoplasmic dopamine, promoting iron-dopamine redox apeutic interventions aiming to mitigate oxidative stress within the
chemistry and the production of DAQs and 6-OHDA, which are PD SNc, and conservative iron chelation is already being trialed in

more neurotoxic redox species than *OH (Zhou, Lan, Tan, & Lim, early-stage PD patients (NCT02655315) following promising results
2010; Figures 4 and 5). in animal models of PD (Devos et al., 2014).
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5 | NEUROMELANIN

Neuromelanin is a complex biopigment composed of 35% lipids
(primarily dolichol; Fedorow, Pickford, et al., 2006), 15% covalently
bound peptides, and numerous products of catecholamine metab-
olism, explaining its spatial distribution within select populations
of catecholamine neurons within the brain (Double et al., 2008).
Neuromelanin accumulates in the cytoplasm as large amorphous
granules of an inconsistent size (Fedorow, Pickford, et al., 2006),
contrast to the regular spherical macrostructure of peripheral mela-
nins. Optical density and area measurements of unstained NM in the
postmortem SNc identify three developmental phases, beginning
with the initiation of pigmentation at approximately 3 years of age
(Fedorow, Halliday, et al., 2006). Increases in pigment granule vol-
ume and pigment density within granules are subsequently observed
until age 20; however, after this point, increases in pigment density
within granules occur without substantial growth in pigment volume,
suggesting regulation of NM production and turnover.

The exact mechanism of NM production in the human SNc is
unclear; however, NM is considered a complex biopolymer associ-
ated with dopamine autoxidation, rather than enzymatic catalysis.
Tyrosinase catalyzes the rate-limiting step of peripheral melanin
synthesis; however, despite tyrosinase mRNA expression in the
human SNc (Xu et al., 1997), no tyrosinase protein has yet been
identified in this region (Tribl, Arzberger, Riederer, & Gerlach,
2007). Conversely, in vitro oxidation of dopamine produces dopa-
mine melanin (DAM), which exhibits a moderate degree of chemical
similarity to human NM (Double et al., 2000). Artificial synthesis of
DAM in mouse SNc cell cultures is heavily reliant on nonvesicular
dopamine, as well as ferric iron (Sulzer et al., 2000). This may be ex-
plained by the comparative susceptibility of nonvesicular dopamine
to oxidation, which is catalyzed by ferric iron, producing DAQs and
aminochrome. The identification of these particular products of do-
pamine oxidation in human NM suggests a degree of translation of
these findings to human NM formation (Smythies, 1996; Figure 3).
Despite similarities between NM and DAM, however, human NM
possesses a substantially more complex structure and biochemical
composition (Double et al., 2000), suggesting oxidized neurotrans-
mitter is not the sole component of human NM. Further, not all cells
that produce dopamine contain NM (Gaspar et al., 1983), suggesting
that NM production may either be induced or inhibited, or that a
mechanism of NM clearance exists. Regulation of NM production
and/or degradation is consistent with the constant volume of NM
within mature SNc dopamine neurons past the age of 20 (Fedorow,
Halliday, et al., 2006), as uncontrolled autoxidation of dopamine
over subsequent decades would be expected to result in a linear
increase in NM volume.

Functionally, NM is believed to bind, store, protect, and release
free dopamine, regulate redox-active iron to minimize pro-oxidant
Fenton chemistry, and sequester a range of potentially toxic metal
cations (zinc, copper, manganese, chromium, cobalt, mercury, lead,
and cadmium) and chemicals (derivatives of paraquat, salsolinol,
MPTP; Haining & Achat-Mendes, 2017). Neuromelanin therefore
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bears closer resemblance to a protective cellular scaffold, rather
than merely an aggregate of metabolic products, which is capable
of sequestering toxic chemicals away from cellular compartments
where they can participate in damaging biochemical reactions. In
this way, NM may play a key role in redox homeostasis in the healthy
SN, especially with regard to the mitigation of iron-dopamine redox
chemistry. Indeed, human-derived NM prevents iron-mediated ROS
generation and antioxidant depletion in vitro (Zecca, Casella, et al.,
2008).

5.1 | Neuromelanin in PD: a loss or gain of function?

Contrast to its protective role in the healthy SNc, alterations to NM
density and composition are thought to exacerbate ROS genera-
tion, iron accumulation, and a-synuclein aggregation in the PD SNc
(Faucheux et al., 2003; Halliday et al., 2005). An early increase in
NM density within pigment granules is reported within morpho-
logically normal SNc dopamine neurons, which is associated with
increased NM oxidation and iron loading (Faucheux et al., 2003).
Both of these factors promote the concentration of a-synuclein to
the lipid component of NM at the expense of cholesterol (Halliday
et al., 2005), and iron loading is also shown to potentiate peroxida-
tion of human-derived NM in vitro (Zecca, Casella, et al., 2008). The
accumulation of a-synuclein pathology on NM is associated with a
significant reduction in NM density within SNc dopamine neurons
(Faucheux et al., 2003; Halliday et al., 2005), suggesting early a-sy-
nuclein redistribution to NM promotes its decomposition, which is
likely to impair the neuroprotective function of NM in PD. Indeed,
reductions in NM density are associated with elevated NM redox
activity and ROS production in PD postmortem SNc, which are pos-
itively correlated with increased levels of redox-active iron in tissue
surrounding melanized neurons (Faucheux et al., 2003). These data
indicate the early redistribution of a-synuclein to NM promotes
free iron accumulation and ROS generation in nigral dopamine neu-
rons in PD, and are consistent with reductions in the iron content
of NM in the postmortem SNc of end-stage PD patients (Bolzoni et
al., 2002).

Upon progressive SNc dopamine neuron degeneration in PD,
iron-loaded NM is released into the interstitium, where it likely
becomes phagocytosed by microglia and decomposed in an H,0,-
dependent manner (Zecca, Casella, et al., 2008). This releases
redox-active iron and other toxic chemicals and proteins previously
sequestered by NM, which has been shown to trigger microglial acti-
vation and ROS production (Zecca, Wilms, et al., 2008).

A greater understanding of the synthesis and regulation of NM
in the SNc during healthy aging and PD will clearly advance our
understanding of the unique biochemistry of nigral dopamine neu-
rons, and may provide insight into the pathogenesis of PD. Further,
a comparative deficiency of NM within the vSNc, compared with the
dSNc, in the healthy brain (Gibb & Lees, 1991) suggests the vSNc is
more susceptible to oxidative insult, and indicates NM distribution
within the SNc may contribute to the preferential degeneration of
vSNc dopamine neurons in PD.
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6 | ANTIOXIDANT DYSFUNCTION

Augmenting progressive ROS production within the aging SNc is
an age-dependent reduction in the levels and function of key an-
tioxidants. A region-specific decrease in the levels of reduced glu-
tathione, and a reduction in SOD, GPx, and glutathione reductase
activities are all reported in the postmortem SNc of healthy aged
individuals compared with younger individuals (Venkateshappa et
al., 2012). Additionally, age-dependent reductions in mRNA expres-
sion and enzymatic activity of GRx, PRx, and TRx pathways have
been documented in mouse and human non-neuronal cell types (Lim
& Luderer, 2011; Xing & Lou, 2010), although the presence of such
changes within dopamine neurons of the human SNc has not been
investigated. These deficiencies suggest a gradual diminution in the
capacity of nigral dopamine neurons to offset rising ROS production
as we age may contribute to the vulnerability of this brain region to
oxidative insult in PD.

While the healthy SNc experiences moderate age-depen-
dent antioxidant decline, the PD SNc is characterized by severe
and widespread antioxidant system deficits, which are thought
to compound disease-associated ROS production. A drastic re-
duction (~50%) in total glutathione and GPx activity in the SNc
of PD patients reflects significant dysfunction of the glutathione/
GPx system (Sian et al., 1994), which may be associated with se-
vere copper deficiency in this brain region in PD (Davies et al.,
2014). Glutathione production in the PD SNc is likely hindered by
a substantial reduction in y-glutamylcysteine synthetase activity,
responsible for the de novo synthesis of glutathione (Kang et al.,
1999), which has been linked to mutations in the DJ-1 gene, or
abnormal posttranslational modifications of DJ-1 protein, in fa-
milial and sporadic PD (Zhou & Freed, 2005). A decrease in the
levels of reduced glutathione in this brain region in PD (Sian et al.,
1994) further indicates glutathione recycling is either impaired, or
is unable to match cellular H,0, production, diminishing its con-
tribution to ROS detoxification in this disorder. H,O, buildup in
the PD SNc is compounded by a significant reduction in the levels
and function of catalase in this brain region, compared with that in
the healthy aged brain (Ambani, Van Woert, & Murphy, 1975). In
addition to H,0,, O, clearance in the PD SNc may be diminished
due to SOD1 enzymatic dysfunction and aggregation (Trist et al.,
2017, Trist, Fifita, et al., 2018; Trist, Hare, & Double, 2018), which
is also associated with neuronal copper deficiency and misfolded
a-synuclein in this brain region (Helferich et al., 2015).

Importantly, deficits in the glutathione/GPx system (Zeevalk,
Razmpour, & Bernard, 2008) and in SOD1 protein (Trist et al., 2017)
are also a feature of incidental Lewy body disease (ILBD), a patho-
logically defined disease state thought to represent preclinical PD
(DelleDonne et al., 2008), indicating that these events occur during
early-stage PD prior to neuronal loss, and may play a causative role
in PD etiology. Despite our limited understanding of mechanisms
underlying widespread antioxidant decline in PD, it is clear that lev-
els of essential biometals, such as copper, and genetic mutations
both play key roles. A greater understanding of molecular pathways

leading to antioxidant dysfunction in PD may enable us to develop
therapies that restore the antioxidant buffering capacity of vulnera-

ble dopaminergic neurons and attenuate neurodegeneration in PD.

6.1 | Investigating the antioxidant
contribution of glia

Astrocytes and microglia express a wider range of antioxidant genes
at significantly higher levels compared with neurons (Baxter &
Hardingham, 2016), including SOD1/2, catalase, GPx, PRx, and TRx
(Vilhardt, Haslund-Vinding, Jaquet, & McBean, 2017). Antioxidant
deficiencies within the SNc are therefore less likely to reflect reduc-
tions in neuronal antioxidant production and instead may signpost
alterations to glial redox metabolism and/or regulation in aging and
PD. Indeed, moderate age-related microglial activation (Kanaan,
Kordower, & Collier, 2010) and mild increases in reactive astrocytes
(Jyothi et al., 2015) are documented in the postmortem primate and
human SNc, and substantial microglial activation (Le, Wu, & Tang,
2016) and reactive astrogliosis (Booth, Hirst, & Wade-Martins, 2017)
are well-documented hallmarks of the PD SNc. For both microglia
and astrocytes, these changes are associated with PD-linked gene
mutations in familial PD or atypical alteration of their protein prod-
ucts in sporadic PD, which are demonstrated to impair glia-derived
antioxidant protection of SNc dopamine neurons (Joe et al., 2018).
Astrocytes supply neurons with glutathione through a process regu-
lated by Parkin, which becomes disrupted by PARK2 mutations in
familial PD. Astrocytes are also enriched in DJ-1 protein, which scav-
enges ROS and induces antioxidant genes to protect neurons from
oxidative insult (Bandopadhyay et al., 2004; Clements, McNally,
Conti, Mak, & Ting, 2006). DJ-1 modification or mutation in PD ame-
liorates this function (Bandopadhyay et al., 2004). Reduced antioxi-
dant production by microglia may be attributed to a predominant M1
activation phenotype, associated with ROS production and pro-in-
flammatory responses, rather than an antioxidant, anti-inflammatory
M2 phenotype (Rojo et al., 2014). Elevated levels of ROS paradoxi-
cally drive M1 microglial activation, suggesting a self-perpetuating
cycle of pro-oxidant microglial activation may be established within
the aging SNc. Importantly, age-related microglial activation occurs
preferentially in the vulnerable vSNc (Kanaan et al., 2010) and may
therefore contribute to the selective vulnerability of this nigral sub-
region to oxidative insult in PD.

Improving our knowledge of the specific contributions of non-
neuronal cell types to physiological redox homeostasis in the SNc
will undoubtedly advance our understanding of the origins of redox
dyshomeostasis in healthy aging and PD pathogenesis. At present,
our ability to make significant progress in this area is impaired by
the limited availability of analytical technologies capable of resolving
individual cells within animal or human tissues. The recent develop-
ment of digital spatial profiling technology (NanoString) for cancer
and immunology research (Gullo et al., 2018; Sun et al., 2011) opens
remarkable possibilities for quantitative assessment and comparison
of mRNA, protein, and small molecule expression profiles between
cell types in neuroscience research.
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7 | ROS ACCUMULATION AND CELL
DEATH PATHWAYS

It is clear that ROS accumulation is a primary feature of numerous
damaging molecular pathways present during early-stage PD, prior
to initiation of neuron death. Excessive ROS accumulation can pro-
mote, or directly trigger, numerous cell death pathways including ap-
optosis (intrinsic and extrinsic), cytoplasmic cell death (parthanatos
and necroptosis), and autophagic cell death (Morris, Walker, Berk,
Maes, & Puri, 2018; Redza-Dutordoir & Averill-Bates, 2016), al-
though technological limitations prevent us from determining which
are activated in the SNc of PD patients in vivo. Further, the relatively
slow rate of SNc dopamine neuron loss and rapid clearance of dead
dopamine neurons by phagocytosis makes postmortem detection
of cell death markers difficult and often unreliable. TUNEL stain-
ing, which labels DNA fragmentation as an indication of apoptosis,
generates variable results in the PD SNc ranging from no TUNEL-
positive neurons to a high percentage of TUNEL-positive neurons in
PD and age-matched controls (Levy, Malagelada, & Greene, 2009).
More indirect approaches to identify and quantify the expression of
cell death pathways in postmortem PD tissues have evaluated the
expression of pathway constituents, including Bcl-2 family proteins,
caspases, Fas, and p55 (Jellinger, 2000; Mogi et al., 2000), with simi-
lar variable results and reproducibility. Compounding these issues,
evidence of other cell death signaling pathways in PD patient tis-
sues, such as markers of autophagic cell death, is difficult to inter-
pret as they can signal processes responsible for either suppressing
or promoting cell death (Levy et al., 2009). For these reasons, most
research into which cell death pathways are activated in the PD SNc,
and what their primary triggers are, has utilized dopaminergic cell
cultures and animal models of PD. In these models, neuronal cell
death associated with mutations in PD-linked genes (SNCA, LRRK2,
DJ-1, PARK2, PINK-1) involves varying degrees of activation of intrin-
sic (laccarino et al., 2007; Yamada, lwatsubo, Mizuno, & Mochizuki,
2004) and extrinsic (Ho, Rideout, Ribe, Troy, & Dauer, 2009) apopto-
sis, autophagic cell death (Venderova & Park, 2012), and parthana-
tos (Kam et al., 2018). Similarly, intrinsic (Clayton, Clark, & Sharpe,
2005; Perier et al., 2005) and extrinsic (Hayley et al., 2004) apop-
tosis, necroptosis (Callizot, Combes, Henriques, & Poindron, 2019),
and parthanatos (David, Andrabi, Dawson, & Dawson, 2009) are
implicated in dopamine neuron death resulting from the administra-
tion of PD-mimetic toxins MPTP, rotenone, and 6-OHDA, albeit to
differing extents.

Discerning the role of ROS in activating and/or accelerating
these pathways adds another layer of complexity, requiring a clear
relationship between a ROS levels and pathway activation to be
established. Given the relatively new discovery of pathways such
as parthanatos, or the recent evolution of pathways such as necro-
ptosis from the coalescence of existing cell death mechanisms,
there has been little investigation of a specific role for ROS in do-
pamine neuron death mediated by these pathways. Increased ROS
production accompanied neuron death in MPTP-, rotenone-, and
6-OHDA-treated primary cultures of rat mesencephalic dopamine
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neurons, where there was also evidence of significant parthana-
tos (MPTP, rotenone, 6-OHDA) and necroptosis (MPTP, rotenone;
Callizot et al., 2019). While ROS accumulation is indeed known to
trigger both of these pathways (Morris et al., 2018), it is unknown
whether antioxidant-mediated attenuation of ROS levels reduces
the activation of these pathways following toxin administration; the
final step required to confirm causality. It would also be a valuable
extension to see such an experiment repeated in a more complex
mammalian model system, where the influences of other non-neu-
ronal cell types implicated in the toxicity of PD-linked agents would
be present. Contrast to parthanatos and necroptosis, a strong body
of data implicates ROS accumulation in the priming, initiation and
acceleration of apoptosis in SNc dopamine neurons in cell and animal
models of PD. An abundance of evidence implicates mitochondrially
driven (intrinsic) apoptosis, in particular, to ROS-driven cell death in
PD (Venderova & Park, 2012), likely linked to well-documented mito-
chondrial dysfunction reported in degenerating brain regions in PD.

7.1 | Mitochondria-dependent (intrinsic) apoptosis

The intrinsic (mitochondrial) cell death pathway is activated by cel-
lular stressors, including excessive ROS accumulation, which trigger
conformational change and mitochondrial localization of pro-apop-
totic Bcl-2 family proteins (Bax, Bak, Bad, Bim). These proteins oli-
gomerize in the outer mitochondrial membrane and form pores that
alter mitochondrial membrane permeability, facilitating the release
of pro-apoptotic proteins from the mitochondrial intermembrane
space, including cytochrome c, second mitochondria-derived ac-
tivator of caspase (Smac) endonuclease G, and apoptosis-inducing
factor (AIF; Figure 5; Perier & Vila, 2012). Cytosolic cytochrome ¢
interacts with Apaf-1 and procaspase-9, which together activate ex-
ecutioner caspases (caspase-3) that trigger apoptosis by proteolytic
cleavage of numerous key cellular proteins. Smac likewise activates
caspases by inhibiting cytoplasmic caspase inhibitor proteins (IAPs),
whereas AlF released from mitochondria translocates to the nucleus
to trigger chromatin condensation and DNA fragmentation, induc-
ing cell death. Anti-apoptotic Bcl-2 family proteins (Bcl-2, Bcl-xL), on
the other hand, bind to activated pro-apoptotic Bcl-2 proteins and
hinder their oligomerization, preventing the release of pro-apoptotic
factors from mitochondria. Excessive ROS accumulation causes
transcriptional downregulation of anti-apoptotic Bcl-2 proteins and
upregulation of pro-apoptotic Bcl-2 proteins, mediated by ROS-in-
duced conformational change in cytosolic p53 (Redza-Dutordoir &
Averill-Bates, 2016). This also triggers the mitochondrial localization
of p53, where it directly binds to and activates Bax and other pro-
apoptotic Bcl-2 proteins and blocks anti-apoptotic Bcl-2 proteins
(Luna-Vargas & Chipuk, 2016). ROS-induced activation of cytosolic
c-Jun N-terminal kinase (JNK) similarly results in Bcl-2 inhibition and
Bim/Bad activation (West & Marnett, 2006). Together these pro-
teins constitute key effectors regulating intrinsic apoptosis.
Evidence of intrinsic apoptosis is present in numerous chemical
and genetic models of PD with well-characterized ROS accumula-
tion. A time-dependent, region-specific release of cytochrome ¢
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FIGURE 5 ROS-dependent priming and activation of the intrinsic cell death pathway. In active mitochondria, cardiolipin (CL) anchors
cytochrome ¢ (Cyt C) in the inner mitochondrial membrane (IMM) between complexes Il and IV of the ETC. The structure of inner
mitochondrial membrane cristae junctions is maintained by OPA1 oligomers. Anti-apoptotic Bcl-2 family proteins (Bcl-2, Bcl-xL) dominate
over pro-apoptotic Bcl-2 family proteins (Bak, Bax) preventing outer mitochondrial membrane (OMM) permeabilization and the induction of
apoptosis. VDAC2 binding also inhibits Bak activation. Toxins such as MPTP and Rotenone (and possibly genetic mutations; Parkin, PINK-1)
induce significant mitochondrial oxidative stress, which triggers cristae remodeling via OPA1 oligomer dissociation, and catalyzes the
disconnection of Cyt C from CL following oxidation of CL. Oxidized CL relocates to the OMM, where it binds cytoplasmic truncated (t)-BID,
and Cyt C accumulates in the intermembrane space (IMS). This does not trigger the intrinsic cell death pathway, but is thought to prime
mitochondria for the release of Cyt C and other pro-apoptotic factors (Smac, AlF; not shown) upon compounding cellular stress signals.
Additional oxidative stress impairs Bcl-2/Bcl-xL and VDAC2 and activates p53/JNK and Bax/Bak, causing translocation of Bax/Bak to the
OMM with the help of outer membrane CL-BID complexes. This triggers OMM permeabilization and the release of Cyt C, Smac, and AlF. In

the cytoplasm (Cyto), Cyt C binds to Apaf-1 and procaspase-9, which together activate executioner caspases that trigger apoptosis

from mitochondria is observed in low-mid dose rotenone- (Clayton
et al., 2005) and MPTP-treated (Perier et al., 2005) mice, followed
by activation of caspase-9, caspase-3, and apoptotic nigral cell death
(Perier et al., 2005). Overexpression of mutant a-synuclein in vivo
and in mice triggers caspase-dependent apoptosis of dopaminer-
gic neurons (Yamada et al., 2004), associated with p53 activation
(Martin et al., 2006) and cytochrome c release from mitochondria
(Parihar, Parihar, Fujita, Hashimoto, & Ghafourifar, 2008). Mutations
in LRRK2, PARK2, and PINK-1 are associated with mitochondria-de-
pendent apoptosis in vitro and in murine models of PD, through
p53 activation (Ho, Seol, & Son, 2019), cytochrome c release, and
caspase activation (laccarino et al., 2007). Importantly, there is clear
evidence of a primary role for ROS in driving the intrinsic apoptosis
pathway in these models; overexpression of SOD1 or glutathione
peroxidase, or administration of exogenous glutathione, reduced
ROS accumulation and prevented toxin- and a-synuclein-induced
intrinsic apoptosis in SNc dopamine neurons (Flower, Chesnokova,
Froelich, Dixon, & Witt, 2005; Przedborski et al., 1992; Smeyne &
Smeyne, 2013; Thiruchelvam et al., 2005). Further, selegiline-in-
duced neuroprotection of 6-OHDA-treated neurons derives from

the upregulation of SOD1 and catalase expression, and the sup-
pression of pro-oxidant, iron-catalyzed dopamine auto-oxidation
(Ghavami et al., 2014; Khaldy et al., 2000). More specifically, exces-
sive ROS appears to play a pivotal role in both priming and triggering
apoptosis in these models, depending on the subcellular localization
of ROS accumulation (Figure 5). Aside from activating cytosolic p53/
JNK/Bax/Bak to directly trigger intrinsic apoptosis, ROS generated
by MPTP and rotenone damage cardiolipin within the mitochondrial
ETC, which normally anchors cytochrome c in the ETC between
complexes Il and IV (Rytomaa & Kinnunen, 1995). Cytochrome c is
subsequently released into the mitochondrial intermembrane space
(Petrosillo, Ruggiero, Pistolese, & Paradies, 2001), elevating the re-
leasable soluble pool of cytochrome ¢ and priming mitochondria
for substantial cytochrome c release following p53/JNK/Bax/Bak
activation by cytosolic ROS or other cellular stressors (Perier et al.,
2005). The accumulation of ROS both within and outside of mito-
chondria therefore constitutes an important sensitizer and inducer
of the intrinsic apoptosis pathway (Redza-Dutordoir & Averill-Bates,
2016). While most work in this area has been conducted in toxin-

based PD models, which possess comparatively low physiological
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relevance, the accumulation of pathogenic PD-linked proteins (a-sy-
nuclein), deficiency of protective PD-linked proteins (DJ-1), or the
incorporation of PD-linked mutations (SNCA) similarly result in ROS-
dependent apoptosis in cultured human or rat dopaminergic neurons
(Kim et al., 2005; Xu et al., 2002). Common mechanisms of ROS-
dependent apoptosis may therefore connect multiple established
pathogenic pathways in the PD SN, irrelevant of their chemical or
genetic bases. Future research should be directed toward character-
izing the importance of ROS in apoptosis and other cell death path-
ways (necroptosis, parthanatos) implicated in SNc dopamine neuron
death in PD, and to developing technologies capable of measuring
their biomarkers in animal models of PD and patient tissues.

A lowered threshold for the intrinsic pathway of apoptosis may
help to explain why severe nigral dopamine neuron loss occurs in PD
but is avoided in the healthy aged brain. Age-related pathological
change imparts little functional consequence during healthy aging
itself, where a higher threshold exists for activation of the intrinsic
apoptotic pathway and redox imbalance in the SNc is comparatively
mild. By contrast, environmental and/or genetic factors associated
with PD pathogenesis lower the activation threshold for apoptosis
and generate substantial ROS specifically within the SNc, triggering
apoptosis of nigral dopamine neurons.

7.2 | Apoptosis as a therapeutic target

Translating insights from mechanisms of cell death into therapies ca-
pable of slowing or halting cell death in PD poses several challenges.
Ironically, cell death pathways can form part of normal physiologi-
cal responses. For example, cell death mechanisms are utilized to
prevent processes such as tumor growth. Other data suggest that,
independent of the cell death pathway targeted, cells at risk may
eventually die by alternative mechanisms (Hartmann et al., 2001)
driven by primary pathogenic factors upstream, including oxidative
stress. Multiple cell death pathways may also be activated within a
given neuron (Callizot et al., 2019), and degeneration within different
neuronal compartments (axon, soma) may be governed by different
pathways (Ries et al., 2008). Further, blockade of penultimate cell
death pathway components (caspases, Apaf-1) may prevent neuron
death but not preserve or improve cellular functions disrupted by
primary pathogenic factors (Levy et al., 2009). Such considerations
argue disease-modifying therapies should target primary upstream
mechanisms, such as ROS accumulation, to prevent the activation

and/or acceleration of cell death pathways.

8 | TARGETING OXIDATIVE STRESS AS A
THERAPEUTIC MODALITY

Despite a clear contribution of ROS accumulation to the initiation
and/or acceleration of cell death in PD, numerous large and well-
conducted clinical trials targeting oxidative stress in this disorder
have shown little improvement in clinical outcome for patients

(Table 1). Approximately eleven double-blind, placebo-controlled
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randomized clinical trials of antioxidants have been completed in
PD patients who were within 5 years of diagnosis or less, target-
ing multiple biochemical pathways for durations ranging between
1 month and 8 years. No evidence of clinical benefits, as measured
by improvements in unified Parkinson's disease rating scale (UPDRS)
scores, were observed despite these wide and varied approaches.
However, rather than immediately adopt the pessimistic perspective
that therapies targeting oxidative stress in PD are inherently flawed
in concept, we should first consider some of the reasons this may be
so (Murphy, 2014).

As a primary outcome, clinical trials must assess whether poten-
tial therapies slow or halt PD progression in patients by eliciting a
significant reduction in SNc dopamine neuron loss, a significant chal-
lenge given the absence of reliable techniques for quantifying do-
pamine neurons in vivo. In lieu of such technology, we are forced to
employ indirect measures of dopamine neuron health and number,
most commonly involving an assessment of motor function using
scales such as the UPDRS (Table 1). While the UPDRS constitutes
a widely employed metric of PD severity, it is not without limita-
tion; some items within the UPDRS exhibit poor inter-rater reliabil-
ity, others may be influenced by common age-related comorbidities,
and there is concern that some items no longer reflect conceptual
thinking about PD (Movement Disorder Society Task Force on
Rating Scales for Parkinson's Disease, 2003). Most importantly, the
UPDRS assumes any measured movement dysfunction derives from
dopaminergic denervation, and is thus a relatively blunt instrument
in its resolution of SNc-specific neurodegeneration. Alternatives
to the UPDRS, including in vivo imaging of dopamine receptors or
transporters using radioligands (Loane & Politis, 2011; Niccolini, Su,
& Politis, 2014; Shih, Hoexter, Andrade, & Bressan, 2006), are also
widely employed in clinical trials to assess nigral dopaminergic neu-
rotransmission, although it is unclear whether these measurements
accurately correlate with dopaminergic neuron density in human PD
patients. Until we develop reliable methods for quantifying SNc do-
pamine neurons in vivo, we cannot be sure whether the apparent
failures of many well-conducted trials of antioxidants or other ther-
apies in PD patients derives from a lack of treatment efficacy or our
inability to detect alterations in PD progression.

Aside from our inability to quantify dopamine neurons in vivo,
the timing of therapeutic administration is likely to have a substan-
tial influence on the efficacy of antioxidants in clinical trials for PD.
Data from PD patients and models indicate redox dyshomeostasis
within the SNc is both an initiating and driving factor in PD patho-
genesis, suggesting restoration of redox buffering capacity in SNc
dopamine neurons would yield the greatest therapeutic effect when
administered prophylactically (Firuzi, Miri, Tavakkoli, & Saso, 2011).
Most clinical trials have assessed the efficacy of antioxidants in pa-
tients who received a clinical diagnosis of PD within the last 5 years
(Table 1); however, even at the time of diagnosis approximately
50%-70% of SNc dopamine neurons have been lost (Cheng, Ulane,
& Burke, 2010). It is plausible that the efficacy of many promising
antioxidant therapies may well be below detectable levels in these
patients, due to the onset of significant clinical symptoms and the
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initiation of later phases of PD neurodegeneration, which may now
progress independently of initiating primary pathogenic factors. The
recruitment PD patients who are within this timeframe of diagnosis
is therefore regrettable but is completely understandable given the
absence of any reliable biomarkers for identifying PD patients in pre-
clinical stages of the disorder, when motor symptoms have not yet
manifested. Significant attention is therefore being focused toward
developing a means of identifying PD in its preclinical stages using
blood or CSF-based molecular biomarkers, or to similarly identify
individuals who are at a high risk of conversion to PD in the clinic.
Idiopathic rapid eye movement sleep behavior disorder (iRBD), for
example, isamong the most common early signs of PD and is increas-
ingly being recognized as a powerful opportunity to observe PD in
its prodromal stages. Recent data from a large multicentre cohort of
iRBD patients (n = 1,280) estimate a 15.8% phenoconversion rate to
PD within 4.6 years of baseline examination (Postuma et al., 2019)
and suggest a mixture of motor (UPDRS) and cognitive (office-based
cognitive testing, neuropsychological examination, color vision test-
ing) variables may enable stratification of prodromal PD patients
from other iRBD individuals for recruitment into neuroprotective
trials for PD. The reliable identification of individuals with prodromal
PD will enable the administration of promising therapies targeting
primary etiological factors at a point within the disease process likely
to impart the greatest neuroprotection.

An abundance of evidence from genetic and toxin-induced ani-
mal models of PD demonstrates redox imbalance contributes to SNc
neurodegeneration, and further, that restoring redox homeostasis
with these neurons protects against degeneration (Biosa et al., 2018;
Devos et al., 2014; Dias et al., 2013; Filograna, Beltramini, Bubacco,
& Bisaglia, 2016; Zhou & Freed, 2005). These data, however, are
made possible by our ability to carefully dissect and assay brain tissue
from these animals to profile cellular ROS and antioxidant function,
a workflow that is clearly not translatable to patients in clinical tri-
als. Moreover, similar to our inability to quantify dopamine neurons in
vivo, current technological limitations prevent us from assaying nigral
ROS, oxidative damage, or even drug penetrance in vivo; thus, most
trials to date have relied upon the UPDRS (Table 1), a clinical scale
for disease severity and a rather blunt instrument not designed for
empirical research. Results from clinical trials are therefore often dif-
ficult to interpret; is a lack of success derived from improper delivery,
inadequate dosage or duration, or total lack of antioxidant effect? The
development of reliable in vivo imaging techniques capable of quanti-
fying levels of cellular ROS and/or the function of cellular antioxidants
will be key to future assessments of the therapeutic efficacy of antiox-
idant therapies in clinical trials for PD.

Many antioxidant therapies trialed to date also have inherent
limitations that may restrict their usefulness in central nervous
system disorders. Several promising antioxidant compounds, in-
cluding coenzyme Q, creatine, and deferiprone, have poor brain
penetration (Abbruzzese et al., 2011; Hanna-El-Daher & Braissant,
2016; Rotig, Mollet, Rio, & Munnich, 2007) and therefore may not
enter the brain in sufficient quantities at tested doses to efficiently
detoxify ROS. Upon entering the brain, many compounds disperse

relatively homogenously throughout tissues and cells (Murphy,
2014), a distribution in stark contrast to the cell- or organelle-spe-
cific localization of ROS accumulation. As a consequence, the total
antioxidant capacity of a given tissue or cell may be sufficient to
protect from global ROS-induced damage, but localized antioxi-
dant concentrations within cellular, or subcellular, ROS hotspots
may be insufficient to prevent ROS accumulation and oxidative
damage. Recognition and acknowledgment of these limitations
may help to guide the development of improved antioxidant ther-
apies with enhanced bioavailability and compartmental specificity.
Just as pharmacological interventions targeting the aggregation of
specific proteins are often highly specific to their target, antioxi-
dant therapies might be most beneficial when designed to selec-
tively interact with an oxidative target or process within a specific
subcellular compartment (Murphy, 2014). Although an early clini-
cal trial of the mitochondria-targeted antioxidant, MitoQ, in early-
stage PD did not report clinical benefits (Table 1), Szeto-Schiller
(SS) peptides represent another approach to target antioxidant
activity directly to mitochondria. Szeto-Schiller peptides readily
cross the blood-brain barrier and have demonstrated in vivo an-
tioxidant efficacy in murine models of PD (Szeto & Schiller, 2011).
While their potential to slow or halt progression of PD has not
been investigated to date, a phase 2 double-blind, placebo-con-
trolled, randomized clinical trial of SS-31 (Elamipretide) is currently
underway in subjects with age-related macular degeneration (Clini
calTrials.gov; NCT03891875), following promising data regarding
safety and tolerability in individuals with primary mitochondrial
myopathy (Karaa et al. (2018), ClinicalTrials.gov; NCT02367014).
A final growing criticism of most therapies trialed in PD patients
is their relative simplicity compared with the complex degenerative
cascade underlying neuron death in PD. Endogenous antioxidants
function within an integrated and coordinated network, combining
the actions of numerous small molecules with the enzymatic activ-
ities of many proteins. Monotherapeutic antioxidant treatment re-
gimes trialed in the clinic rarely address more than a single target.
Combined administration of multiple antioxidant therapies influ-
encing multiple network targets or pathways may therefore impart
a greater therapeutic benefit and should be considered for future
trials of antioxidants. Further, while ROS accumulation plays a key
role in the initiation and acceleration of cell death in PD, it is not the
sole origin of cell death in this disorder. A multifaceted treatment
approach simultaneously targeting ROS accumulation and additional
PD-linked pathologies, such as a-synuclein deposition or calcium
dysregulation, may possess a greater potential to slow or halt dis-

ease progression.

CONFLICT OF INTEREST

None declared.

ORCID

Kay L. Double https://orcid.org/0000-0001-8712-7781


http://ClinicalTrials.gov
http://ClinicalTrials.gov
http://ClinicalTrials.gov
https://orcid.org/0000-0001-8712-7781
https://orcid.org/0000-0001-8712-7781

TRIST ET AL.

REFERENCES

Abbruzzese, G., Cossu, G., Balocco, M., Marchese, R., Murgia, D., Melis,
M., ... Forni, G. L. (2011). A pilot trial of deferiprone for neurodegen-
eration with brain iron accumulation. Haematologica, 96(11), 1708-
1711. https://doi.org/10.3324/haematol.2011.043018

Ambani, L. M., Van Woert, M. H., & Murphy, S. (1975). Brain peroxi-
dase and catalase in Parkinson disease. Archives of Neurology, 32(2),
114-118.  https://doi.org/10.1001/archneur.1975.0049044006
4010

Ayton, S., Lei, P,, Duce, J. A., Wong, B. X. W., Sedjahtera, A., Adlard, P.
A., ... Finkelstein, D. I. (2013). Ceruloplasmin dysfunction and ther-
apeutic potential for Parkinson disease. Annals of Neurology, 73(4),
554-559. https://doi.org/10.1002/ana.23817

Ayton, S., Lei, P, Hare, D. J,, Duce, J. A., George, J. L., Adlard, P. A, ...
Bush, A. I. (2015). Parkinson's disease iron deposition caused by ni-
tric oxide-induced loss of beta-amyloid precursor protein. Journal
of Neuroscience, 35(8), 3591-3597. https://doi.org/10.1523/JNEUR
0SCl.3439-14.2015

Baksi, S., Tripathi, A. K., & Singh, N. (2016). Alpha-synuclein modulates
retinal iron homeostasis by facilitating the uptake of transferrin-
bound iron: Implications for visual manifestations of Parkinson's
disease. Free Radical Biology and Medicine, 97, 292-306. https://doi.
org/10.1016/j.freeradbiomed.2016.06.025

Bandopadhyay, R., Kingsbury, A. E., Cookson, M. R,, Reid, A. R., Evans, I.
M., Hope, A. D, ... Lees, A. J. (2004). The expression of DJ-1 (PARK7)
in normal human CNS and idiopathic Parkinson's disease. Brain,
127(Pt 2), 420-430. https://doi.org/10.1093/brain/awh054

Barrett, P. J., & Timothy Greenamyre, J. (2015). Post-translational
modification of alpha-synuclein in Parkinson's disease. Brain
Research, 1628(Pt B), 247-253. https://doi.org/10.1016/j.brain
res.2015.06.002

Baxter, P. S., & Hardingham, G. E. (2016). Adaptive regulation of the
brain's antioxidant defences by neurons and astrocytes. Free Radical
Biology and Medicine, 100, 147-152. https://doi.org/10.1016/j.freer
adbiomed.2016.06.027

Parkinson Study Group QE3 Investigators, Beal, M. F., Oakes, D.,
Shoulson, I., Henchcliffe, C., Galpern, W. R., ... Boyar, K. (2014). A
randomized clinical trial of high-dosage coenzyme Q10 in early
Parkinson disease: No evidence of benefit. JAMA Neurology, 71(5),
543-552. https://doi.org/10.1001/jamaneurol.2014.131

Becker, C,, Jick, S. S., & Meier, C. R. (2008). Use of statins and the risk of
Parkinson's disease: A retrospective case-control study in the UK. Drug
Safety, 31(5), 399-407. https://doi.org/10.2165/00002018-20083
1050-00004

Bentinger, M., Brismar, K., & Dallner, G. (2007). The antioxidant role
of coenzyme Q. Mitochondrion, 7(Suppl), S41-S50. https://doi.
org/10.1016/j.mit0.2007.02.006

Biosa, A., Sanchez-Martinez, A., Filograna, R., Terriente-Felix, A.,
Alam, S. M., Beltramini, M., ... Whitworth, A. J. (2018). Superoxide
dismutating molecules rescue the toxic effects of PINK1 and par-
kin loss. Human Molecular Genetics, 27(9), 1618-1629. https://doi.
org/10.1093/hmg/ddy069

Bishop, G. M., Dang, T. N., Dringen, R., & Robinson, S. R. (2011).
Accumulation of non-transferrin-bound iron by neurons, astrocytes,
and microglia. Neurotoxicity Research, 19(3), 443-451. https://doi.
org/10.1007/s12640-010-9195-x

Blesa, J., & Przedborski, S. (2014). Parkinson's disease: Animal models
and dopaminergic cell vulnerability. Frontiers in Neuroanatomy, 8,
155. https://doi.org/10.3389/fnana.2014.00155

Blesa, J., Trigo-Damas, |., Quiroga-Varela, A., & Jackson-Lewis, V.
R. (2015). Oxidative stress and Parkinson's disease. Frontiers in
Neuroanatomy, 9, 91. https://doi.org/10.3389/fnana.2015.00091

Bolzoni, F., Giraudo, S., Lopiano, L., Bergamasco, B., Fasano, M,
& Crippa, P. R. (2002). Magnetic investigations of human

Aglng 17 of 23

mesencephalic neuromelanin. Biochimica Et Biophysica Acta-
Molecular Basis of Disease, 1586(2), 210-218. https://doi.
org/10.1016/s0925-4439(01)00099-0

Bonci, A., Grillner, P., Mercuri, N. B., & Bernardi, G. (1998). L-Type
calcium channels mediate a slow excitatory synaptic trans-
mission in rat midbrain dopaminergic neurons. Journal of
Neuroscience, 18(17), 6693-6703. https://doi.org/10.1523/JNEUR
0SCl.18-17-06693.1998

Booth, H. D. E., Hirst, W. D., & Wade-Martins, R. (2017). The role
of astrocyte dysfunction in Parkinson's disease pathogenesis.
Trends in Neurosciences, 40(6), 358-370. https://doi.org/10.1016/j.
tins.2017.04.001

Brand, M. D., Affourtit, C., Esteves, T. C., Green, K., Lambert, A. J., Miwa,
S., ... Parker, N. (2004). Mitochondrial superoxide: Production, bio-
logical effects, and activation of uncoupling proteins. Free Radical
Biology and Medicine, 37(6), 755-767. https://doi.org/10.1016/].freer
adbiomed.2004.05.034

Brigelius-Flohe, R., & Maiorino, M. (2013). Glutathione peroxidases.
Biochimica Et Biophysica Acta, 1830(5), 3289-3303. https://doi.
org/10.1016/j.bbagen.2012.11.020

Buchman, A. S., Shulman, J. M., Nag, S., Leurgans, S. E., Arnold, S.
E., Morris, M. C,, ... Bennett, D. A. (2012). Nigral pathology and
Parkinsonian signs in elders without Parkinson disease. Annals of
Neurology, 71(2), 258-266. https://doi.org/10.1002/ana.22588

Budni, P., de Lima, M. N., Polydoro, M., Moreira, J. C., Schroder, N., & Dal-
Pizzol, F. (2007). Antioxidant effects of selegiline in oxidative stress
induced by iron neonatal treatment in rats. Neurochemical Research,
32(6), 965-972. https://doi.org/10.1007/s11064-006-9249-x

Burre, J., Sharma, M., Tsetsenis, T., Buchman, V., Etherton, M. R., &
Sudhof, T. C. (2010). Alpha-synuclein promotes SNARE-complex as-
sembly in vivo and in vitro. Science, 329(5999), 1663-1667. https://
doi.org/10.1126/science.1195227

Butler, B., Saha, K., Rana, T., Becker, J. P., Sambo, D., Davari, P, ...
Khoshbouei, H. (2015). Dopamine transporter activity is modulated
by alpha-synuclein. Journal of Biological Chemistry, 290(49), 29542~
29554, https://doi.org/10.1074/jbc.M115.691592

Callizot, N., Combes, M., Henriques, A., & Poindron, P. (2019). Necrosis,
apoptosis, necroptosis, three modes of action of dopaminer-
gic neuron neurotoxins. PLoS ONE, 14(4), e0215277. https://doi.
org/10.1371/journal.pone.0215277

Chan, C. S., Guzman, J. N, llijic, E., Mercer, J. N, Rick, C., Tkatch, T, ...
Surmeier, D. J. (2007). ‘Rejuvenation’ protects neurons in mouse
models of Parkinson's disease. Nature, 447(7148), 1081-1086. https
://doi.org/10.1038/nature05865

Chan, P., DeLanney, L. E., Irwin, I, Langston, J. W., & Di Monte, D. (1991).
Rapid ATP loss caused by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyri-
dine in mouse brain. Journal of Neurochemistry, 57(1), 348-351. https
://doi.org/10.1111/j.1471-4159.1991.tb02134.x

Cheng, H. C., Ulane, C. M., & Burke, R. E. (2010). Clinical progression in
Parkinson disease and the neurobiology of axons. Annals of Neurology,
67(6), 715-725. https://doi.org/10.1002/ana.21995

Clayton, R., Clark, J. B., & Sharpe, M. (2005). Cytochrome c release
from rat brain mitochondria is proportional to the mitochondrial
functional deficit: Implications for apoptosis and neurodegenera-
tive disease. Journal of Neurochemistry, 92(4), 840-849. https://doi.
org/10.1111/j.1471-4159.2004.02918.x

Clements, C. M., McNally, R. S., Conti, B. J., Mak, T. W., & Ting, J. P.
(2006). DJ-1, a cancer- and Parkinson's disease-associated pro-
tein, stabilizes the antioxidant transcriptional master regulator
Nrf2. Proceedings of the National Academy of Sciences of the United
States of America, 103(41), 15091-15096. https://doi.org/10.1073/
pnas.0607260103

Collier, T. J., Kanaan, N. M., & Kordower, J. H. (2017). Aging and
Parkinson's disease: Different sides of the same coin? Movement
Disorders, 32(7), 983-990. https://doi.org/10.1002/mds.27037


https://doi.org/10.3324/haematol.2011.043018
https://doi.org/10.1001/archneur.1975.00490440064010
https://doi.org/10.1001/archneur.1975.00490440064010
https://doi.org/10.1002/ana.23817
https://doi.org/10.1523/JNEUROSCI.3439-14.2015
https://doi.org/10.1523/JNEUROSCI.3439-14.2015
https://doi.org/10.1016/j.freeradbiomed.2016.06.025
https://doi.org/10.1016/j.freeradbiomed.2016.06.025
https://doi.org/10.1093/brain/awh054
https://doi.org/10.1016/j.brainres.2015.06.002
https://doi.org/10.1016/j.brainres.2015.06.002
https://doi.org/10.1016/j.freeradbiomed.2016.06.027
https://doi.org/10.1016/j.freeradbiomed.2016.06.027
https://doi.org/10.1001/jamaneurol.2014.131
https://doi.org/10.2165/00002018-200831050-00004
https://doi.org/10.2165/00002018-200831050-00004
https://doi.org/10.1016/j.mito.2007.02.006
https://doi.org/10.1016/j.mito.2007.02.006
https://doi.org/10.1093/hmg/ddy069
https://doi.org/10.1093/hmg/ddy069
https://doi.org/10.1007/s12640-010-9195-x
https://doi.org/10.1007/s12640-010-9195-x
https://doi.org/10.3389/fnana.2014.00155
https://doi.org/10.3389/fnana.2015.00091
https://doi.org/10.1016/s0925-4439(01)00099-0
https://doi.org/10.1016/s0925-4439(01)00099-0
https://doi.org/10.1523/JNEUROSCI.18-17-06693.1998
https://doi.org/10.1523/JNEUROSCI.18-17-06693.1998
https://doi.org/10.1016/j.tins.2017.04.001
https://doi.org/10.1016/j.tins.2017.04.001
https://doi.org/10.1016/j.freeradbiomed.2004.05.034
https://doi.org/10.1016/j.freeradbiomed.2004.05.034
https://doi.org/10.1016/j.bbagen.2012.11.020
https://doi.org/10.1016/j.bbagen.2012.11.020
https://doi.org/10.1002/ana.22588
https://doi.org/10.1007/s11064-006-9249-x
https://doi.org/10.1126/science.1195227
https://doi.org/10.1126/science.1195227
https://doi.org/10.1074/jbc.M115.691592
https://doi.org/10.1371/journal.pone.0215277
https://doi.org/10.1371/journal.pone.0215277
https://doi.org/10.1038/nature05865
https://doi.org/10.1038/nature05865
https://doi.org/10.1111/j.1471-4159.1991.tb02134.x
https://doi.org/10.1111/j.1471-4159.1991.tb02134.x
https://doi.org/10.1002/ana.21995
https://doi.org/10.1111/j.1471-4159.2004.02918.x
https://doi.org/10.1111/j.1471-4159.2004.02918.x
https://doi.org/10.1073/pnas.0607260103
https://doi.org/10.1073/pnas.0607260103
https://doi.org/10.1002/mds.27037

TRIST ET AL.

18 of 23 Aglng

Collins, Y., Chouchani, E. T., James, A. M., Menger, K. E., Cocheme, H. M.,
& Murphy, M. P. (2012). Mitochondrial redox signalling at a glance.
Journal of Cell Science, 125(Pt 4), 801-806. https://doi.org/10.1242/
jcs.098475

D'Autreaux, B., & Toledano, M. B. (2007). ROS as signalling mole-
cules: Mechanisms that generate specificity in ROS homeostasis.
Nature Reviews Molecular Cell Biology, 8(10), 813-824. https://doi.
org/10.1038/nrm2256

David, K. K., Andrabi, S. A., Dawson, T. M., & Dawson, V. L. (2009).
Parthanatos, a messenger of death. Frontiers in Bioscience, 14, 1116~
1128. https://doi.org/10.2741/3297

Davies, K. M., Bohic, S., Carmona, A., Ortega, R., Cottam, V., Hare, D. J.,
... Double, K. L. (2014). Copper pathology in vulnerable brain regions
in Parkinson's disease. Neurobiology of Aging, 35(4), 858-866. https://
doi.org/10.1016/j.neurobiolaging.2013.09.034

DelleDonne, A., Klos, K. J., Fujishiro, H., Ahmed, Z., Parisi, J. E., Josephs,
K. A., ... Dickson, D. W. (2008). Incidental Lewy body disease and
preclinical Parkinson disease. Archives of Neurology, 65(8), 1074~
1080. https://doi.org/10.1001/archneur.65.8.1074

Devos, D., Moreau, C., Devedjian, J. C., Kluza, J., Petrault, M., Laloux,
C., ... Bordet, R. (2014). Targeting chelatable iron as a therapeutic
modality in Parkinson's disease. Antioxidants & Redox Signaling, 21(2),
195-210. https://doi.org/10.1089/ars.2013.5593

Dexter, D. T., Wells, F. R., Lees, A. J., Agid, F., Agid, Y., Jenner, P., &
Marsden, C. D. (1989). Increased nigral iron content and alter-
ations in other metal ions occurring in brain in Parkinson's dis-
ease. Journal of Neurochemistry, 52(6), 1830-1836. https://doi.
org/10.1111/j.1471-4159.1989.tb07264.x

Dias, V., Junn, E., & Mouradian, M. M. (2013). The role of oxidative stress
in Parkinson's disease. Journal of Parkinson's Disease, 3(4), 461-491.
https://doi.org/10.3233/JPD-130230

Dorsey, E. R., & Bloem, B. R. (2018). The Parkinson pandemic-a call to
action. JAMA Neurology, 75(1), 9-10. https://doi.org/10.1001/jaman
eurol.2017.3299

Double, K. L., Dedov, V. N., Fedorow, H., Kettle, E., Halliday, G. M., Garner,
B., & Brunk, U. T. (2008). The comparative biology of neuromelanin
and lipofuscin in the human brain. Cellular and Molecular Life Sciences,
65(11), 1669-1682. https://doi.org/10.1007/s00018-008-7581-9

Double, K. L., Zecca, L., Costi, P., Mauer, M., Griesinger, C., Ito, S., ...
Gerlach, M. (2000). Structural characteristics of human substan-
tia nigra neuromelanin and synthetic dopamine melanins. Journal
of Neurochemistry, 75(6), 2583-2589. https://doi.org/10.104
6/j.1471-4159.2000.0752583.x

Drose, S., & Brandt, U. (2008). The mechanism of mitochondrial superox-
ide production by the cytochrome bcl complex. Journal of Biological
Chemistry, 283(31), 21649-21654. https://doi.org/10.1074/jbc.
M803236200

Duce, J. A., Wong, B. X., Durham, H., Devedjian, J. C., Smith, D. P., &
Devos, D. (2017). Post translational changes to alpha-synuclein con-
troliron and dopamine trafficking; a concept for neuron vulnerability
in Parkinson's disease. Molecular Neurodegeneration, 12(1), 45. https
://doi.org/10.1186/s13024-017-0186-8

Eaton, P. (2006). Protein thiol oxidation in health and disease: Techniques
for measuring disulfides and related modifications in complex pro-
tein mixtures. Free Radical Biology and Medicine, 40(11), 1889-1899.
https://doi.org/10.1016/j.freeradbiomed.2005.12.037

Emdadul Haque, M., Asanuma, M., Higashi, Y., Miyazaki, |., Tanaka, K.,
& Ogawa, N. (2003). Apoptosis-inducing neurotoxicity of dopamine
and its metabolites via reactive quinone generation in neuroblas-
toma cells. Biochimica Et Biophysica Acta, 1619(1), 39-52. https://doi.
org/10.1016/50304-4165(02)00440-3

Exner, N., Lutz, A. K., Haass, C., & Winklhofer, K. F. (2012). Mitochondrial
dysfunction in Parkinson's disease: Molecular mechanisms and
pathophysiological consequences. EMBO Journal, 31(14), 3038-
3062. https://doi.org/10.1038/emboj.2012.170

Faucheux, B. A., Martin, M. E., Beaumont, C., Hauw, J. J,, Agid, Y., &
Hirsch, E. C. (2003). Neuromelanin associated redox-active iron
is increased in the substantia nigra of patients with Parkinson's
disease. Journal of Neurochemistry, 86(5), 1142-1148. https://doi.
org/10.1046/j.1471-4159.2003.01923.x

Fearnley, J. M., & Lees, A. J. (1991). Aging and Parkinson's disease -
Substantia nigra regional selectivity. Brain, 114, 2283-2301. https://
doi.org/10.1093/brain/114.5.2283

Fedorow, H., Halliday, G. M., Rickert, C. H., Gerlach, M., Riederer, P., &
Double, K. L. (2006). Evidence for specific phases in the development
of human neuromelanin. Neurobiology of Aging, 27(3), 506-512. https
://doi.org/10.1016/j.neurobiolaging.2005.02.015

Fedorow, H., Pickford, R., Kettle, E., Cartwright, M., Halliday, G. M,
Gerlach, M., ... Double, K. L. (2006). Investigation of the lipid com-
ponent of neuromelanin. Journal of Neural Transmission, 113(6), 735-
739. https://doi.org/10.1007/s00702-006-0451-4

Feigin, V. L., Abajobir, A. A., Abate, K. H., Abd-Allah, F., Abdulle, A. M.,
Abera, S. F,, ... Vos, T. (2017). Global, regional, and national burden
of neurological disorders during 1990-2015: A systematic analysis
for the Global Burden of Disease Study 2015. The Lancet Neurology,
16(11), 877-897. https://doi.org/10.1016/51474-4422(17)30299-5

Ferrer, |., Martinez, A., Blanco, R., Dalfo, E., & Carmona, M. (2011).
Neuropathology of sporadic Parkinson disease before the ap-
pearance of parkinsonism: Preclinical Parkinson disease. Journal
of Neural Transmission, 118(5), 821-839. https://doi.org/10.1007/
s00702-010-0482-8

Filograna, R., Beltramini, M., Bubacco, L., & Bisaglia, M. (2016). Anti-oxi-
dants in Parkinson's disease therapy: A critical point of view. Current
Neuropharmacology, 14(3), 260-271. https://doi.org/10.2174/15701
59X13666151030102718

Firuzi, O., Miri, R., Tavakkoli, M., & Saso, L. (2011). Antioxidant therapy:
Current status and future prospects. Current Medicinal Chemistry,
18(25), 3871-3888.

Flower, T. R., Chesnokova, L. S., Froelich, C. A., Dixon, C., & Witt, S. N.
(2005). Heat shock prevents alpha-synuclein-induced apoptosis in
a yeast model of Parkinson's disease. Journal of Molecular Biology,
351(5), 1081-1100. https://doi.org/10.1016/j.jmb.2005.06.060

Forman, H. J., Zhang, H., & Rinna, A. (2009). Glutathione: Overview
of its protective roles, measurement, and biosynthesis. Molecular
Aspects of Medicine, 30(1-2), 1-12. https://doi.org/10.1016/j.
mam.2008.08.006

Gaspar, P., Berger, B., Gay, M., Hamon, M., Cesselin, F., Vigny, A,, ... Agid,
Y. (1983). Tyrosine hydroxylase and methionine-enkephalin in the
human mesencephalon. Immunocytochemical localization and rela-
tionships. Journal of the Neurological Sciences, 58(2), 247-267. https://
doi.org/10.1016/0022-510X(83)90221-6

Gegg, M. E., & Schapira, A. H. (2016). Mitochondrial dysfunction asso-
ciated with glucocerebrosidase deficiency. Neurobiology of Diseases,
90, 43-50. https://doi.org/10.1016/j.nbd.2015.09.006

Genoud, S., Roberts, B. R., Gunn, A. P, Halliday, G. M., Lewis, S. J. G,,
Ball, H. J., ... Double, K. L. (2017). Subcellular compartmentalisation
of copper, iron, manganese, and zinc in the Parkinson's disease brain.
Metallomics, 9(10), 1447-1455. https://doi.org/10.1039/c7mt00244k

German, D. C., Manaye, K. F., Sonsalla, P. K., & Brooks, B. A. (1992).
Midbrain dopaminergic cell loss in Parkinson's disease and MPTP-
induced parkinsonism: Sparing of calbindin-D28k-containing cells.
Annals of the New York Academy of Sciences, 648, 42-62.

Ghavami, S., Shojaei, S., Yeganeh, B., Ande, S. R., Jangamreddy, J. R.,
Mehrpour, M., ... tos, M. J. (2014). Autophagy and apoptosis dys-
function in neurodegenerative disorders. Progress in Neurobiology,
112, 24-49. https://doi.org/10.1016/j.pneurobio.2013.10.004

Gibb, W. R., & Lees, A. J. (1991). Anatomy, pigmentation, ventral and
dorsal subpopulations of the substantia nigra, and differential cell
death in Parkinson's disease. Journal of Neurology, Neurosurgery and
Psychiatry, 54(5), 388-396. https://doi.org/10.1136/jnnp.54.5.388


https://doi.org/10.1242/jcs.098475
https://doi.org/10.1242/jcs.098475
https://doi.org/10.1038/nrm2256
https://doi.org/10.1038/nrm2256
https://doi.org/10.2741/3297
https://doi.org/10.1016/j.neurobiolaging.2013.09.034
https://doi.org/10.1016/j.neurobiolaging.2013.09.034
https://doi.org/10.1001/archneur.65.8.1074
https://doi.org/10.1089/ars.2013.5593
https://doi.org/10.1111/j.1471-4159.1989.tb07264.x
https://doi.org/10.1111/j.1471-4159.1989.tb07264.x
https://doi.org/10.3233/JPD-130230
https://doi.org/10.1001/jamaneurol.2017.3299
https://doi.org/10.1001/jamaneurol.2017.3299
https://doi.org/10.1007/s00018-008-7581-9
https://doi.org/10.1046/j.1471-4159.2000.0752583.x
https://doi.org/10.1046/j.1471-4159.2000.0752583.x
https://doi.org/10.1074/jbc.M803236200
https://doi.org/10.1074/jbc.M803236200
https://doi.org/10.1186/s13024-017-0186-8
https://doi.org/10.1186/s13024-017-0186-8
https://doi.org/10.1016/j.freeradbiomed.2005.12.037
https://doi.org/10.1016/S0304-4165(02)00440-3
https://doi.org/10.1016/S0304-4165(02)00440-3
https://doi.org/10.1038/emboj.2012.170
https://doi.org/10.1046/j.1471-4159.2003.01923.x
https://doi.org/10.1046/j.1471-4159.2003.01923.x
https://doi.org/10.1093/brain/114.5.2283
https://doi.org/10.1093/brain/114.5.2283
https://doi.org/10.1016/j.neurobiolaging.2005.02.015
https://doi.org/10.1016/j.neurobiolaging.2005.02.015
https://doi.org/10.1007/s00702-006-0451-4
https://doi.org/10.1016/S1474-4422(17)30299-5
https://doi.org/10.1007/s00702-010-0482-8
https://doi.org/10.1007/s00702-010-0482-8
https://doi.org/10.2174/1570159X13666151030102718
https://doi.org/10.2174/1570159X13666151030102718
https://doi.org/10.1016/j.jmb.2005.06.060
https://doi.org/10.1016/j.mam.2008.08.006
https://doi.org/10.1016/j.mam.2008.08.006
https://doi.org/10.1016/0022-510X(83)90221-6
https://doi.org/10.1016/0022-510X(83)90221-6
https://doi.org/10.1016/j.nbd.2015.09.006
https://doi.org/10.1039/c7mt00244k
https://doi.org/10.1016/j.pneurobio.2013.10.004
https://doi.org/10.1136/jnnp.54.5.388

TRIST ET AL.

Grace, A. A., & Bunney, B. S. (1983). Intracellular and extracellular elec-
trophysiology of nigral dopaminergic neurons-2. Action potential
generating mechanisms and morphological correlates. Neuroscience,
10(2), 317-331.

Gullo, ., Oliveira, P., Athelogou, M., Gongalves, G., Pinto, M. L., Carvalho,
J., ... Carneiro, F. (2018). New insights into the inflamed tumor im-
mune microenvironment of gastric cancer with lymphoid stroma:
From morphology and digital analysis to gene expression. Gastric
Cancer, 22(1), 77-90. https://doi.org/10.1007/s10120-018-0836-8

Gusdon, A. M., Zhu, J., Van Houten, B., & Chu, C. T. (2012). ATP13A2
regulates mitochondrial bioenergetics through macroautophagy.
Neurobiology of Diseases, 45(3), 962-972. https://doi.org/10.1016/j.
nbd.2011.12.015

Guzman, J. N., Sanchez-Padilla, J., Wokosin, D., Kondapalli, J., llijic, E.,
Schumacker, P. T., & Surmeier, D. J. (2010). Oxidant stress evoked by
pacemaking in dopaminergic neurons is attenuated by DJ-1. Nature,
468(7324), 696-700. https://doi.org/10.1038/nature09536

Haber, S. N., Fudge, J. L., & McFarland, N. R. (2000). Striatonigrostriatal
pathways in primates form an ascending spiral from the shell to the
dorsolateral striatum. Journal of Neuroscience, 20(6), 2369-2382.
https://doi.org/10.1523/JNEUROSCI.20-06-02369.2000

Haining, R. L., & Achat-Mendes, C. (2017). Neuromelanin, one of the
most overlooked molecules in modern medicine, is not a spec-
tator. Neural Regeneration Research, 12(3), 372-375. https://doi.
org/10.4103/1673-5374.202928

Halliday, G. M., Ophof, A., Broe, M., Jensen, P. H., Kettle, E., Fedorow, H.,
... Double, K. L. (2005). alpha-Synuclein redistributes to neuromel-
anin lipid in the substantia nigra early in Parkinson's disease. Brain,
128, 2654-2664. https://doi.org/10.1093/brain/awh584

Hanna-El-Daher, L., & Braissant, O. (2016). Creatine synthesis and ex-
changes between brain cells: What can be learned from human cre-
atine deficiencies and various experimental models? Amino Acids,
48(8), 1877-1895. https://doi.org/10.1007/s00726-016-2189-0

Hao, L. Y., Giasson, B. I., & Bonini, N. M. (2010). DJ-1 is critical for
mitochondrial function and rescues PINK1 loss of function.
Proceedings of the National Academy of Sciences of the United
States of America, 107(21), 9747-9752. https://doi.org/10.1073/
pnas.0911175107

Hare, D. J., Cardoso, B. R., Raven, E. P, Double, K. L., Finkelstein, D. I.,
Szymlek-Gay, E. A., & Biggs, B. A. (2017). Excessive early-life dietary
exposure: A potential source of elevated brain iron and a risk fac-
tor for Parkinson's disease. Npj Parkinson's Disease, 3, https://doi.
org/10.1038/s41531-016-0004-y

Hare, D. J., & Double, K. L. (2016). Iron and dopamine: A toxic couple.
Brain, 139(Pt 4), 1026-1035. https://doi.org/10.1093/brain/aww022

Hare, D. J., Kysenius, K., Paul, B., Knauer, B., Hutchinson, R. W,
QO'Connor, C,, ... Doble, P. A. (2017). Imaging metals in brain tissue
by laser ablation - Inductively coupled plasma - Mass spectrome-
try (LA-ICP-MS). Journal of Visualized Experiments, (119). https://doi.
org/10.3791/55042

Harrington, K. A., Augood, S. J., Kingsbury, A. E., Foster, O. J. F.,, & Emson,
P. C. (1996). Dopamine transporter (DAT) and synaptic vesicle amine
transporter (VMAT2) gene expression in the substantia nigra of con-
trol and Parkinson's disease. Molecular Brain Research, 36(1), 157-
162. https://doi.org/10.1016/0169-328x(95)00278-z

Hartmann, A., Troadec, J.-D., Hunot, S., Kikly, K., Faucheux, B. A,
Mouatt-Prigent, A., ... Hirsch, E. C. (2001). Caspase-8 is an effec-
tor in apoptotic death of dopaminergic neurons in Parkinson's dis-
ease, but pathway inhibition results in neuronal necrosis. Journal
of Neuroscience, 21(7), 2247-2255. https://doi.org/10.1523/JNEUR
0SCl.21-07-02247.2001

Hauser, R. A,, Lyons, K. E., McClain, T., Carter, S., & Perlmutter, D. (2009).
Randomized, double-blind, pilot evaluation of intravenous gluta-
thione in Parkinson's disease. Movement Disorders, 24(7), 979-983.
https://doi.org/10.1002/mds.22401

Aglng 19 of 23

Hayashi, T., Ishimori, C., Takahashi-Niki, K., Taira, T., Kim, Y.-C., Maita,
H., ... Iguchi-Ariga, S. M. M. (2009). DJ-1 binds to mitochondrial com-
plex | and maintains its activity. Biochemical and Biophysical Research
Communications, 390(3), 667-672. https://doi.org/10.1016/j.
bbrc.2009.10.025

Hayley, S., Crocker, S. J., Smith, P. D., Shree, T., Jackson-Lewis, V.,
Przedborski, S., ... Park, D. S. (2004). Regulation of dopaminergic loss
by Fas in a 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine model of
Parkinson's disease. Journal of Neuroscience, 24(8), 2045-2053. https
://doi.org/10.1523/JNEUROSCI.4564-03.2004

Helferich, A. M., Ruf, W. P., Grozdanov, V., Freischmidt, A., Feiler, M. S.,
Zondler, L., ... Danzer, K. M. (2015). a-Synuclein interacts with SOD1
and promotes its oligomerization. Molecular Neurodegeneration, 10,
66. https://doi.org/10.1186/s13024-015-0062-3

Ho, C. C., Rideout, H. J., Ribe, E., Troy, C. M., & Dauer, W. T. (2009).
The Parkinson disease protein leucine-rich repeat kinase 2 trans-
duces death signals via Fas-associated protein with death domain
and caspase-8 in a cellular model of neurodegeneration. Journal of
Neuroscience, 29(4), 1011-1016. https://doi.org/10.1523/JNEUR
0OSCI.5175-08.2009

Ho, D. H., Seol, W., & Son, 1. (2019). Upregulation of the p53-p21 path-
way by G2019S LRRK2 contributes to the cellular senescence and
accumulation of alpha-synuclein. Cell Cycle, 18(4), 467-475. https://
doi.org/10.1080/15384101.2019.1577666

Hsu, L. J., Sagara, Y., Arroyo, A., Rockenstein, E., Sisk, A., Mallory, M., ...
Masliah, E. (2000). alpha-synuclein promotes mitochondrial deficit
and oxidative stress. American Journal of Pathology, 157(2), 401-410.

Hung, L. W., Villemagne, V. L., Cheng, L., Sherratt, N. A., Ayton, S., White,
A. R, ...Barnham, K. J. (2012). The hypoxia imaging agent Cull(atsm)
is neuroprotective and improves motor and cognitive functions in
multiple animal models of Parkinson's disease. Journal of Experimental
Medicine, 209(4), 837-854. https://doi.org/10.1084/jem.20112285

laccarino, C., Crosio, C., Vitale, C., Sanna, G., Carri, M. T., & Barone,
P. (2007). Apoptotic mechanisms in mutant LRRK2-mediated cell
death. Human Molecular Genetics, 16(11), 1319-1326. https://doi.
org/10.1093/hmg/ddm080

Inoue, K.-1., Miyachi, S., Nishi, K., Okado, H., Nagai, Y., Minamimoto, T.,
... Takada, M. (2018). Recruitment of calbindin into nigral dopamine
neurons protects against MPTP-Induced parkinsonism. Movement
Disorders, 34(2), 200-209. https://doi.org/10.1002/mds.107

James, S. A., Roberts, B. R., Hare, D. J., de Jonge, M. D., Birchall, I. E.,
Jenkins, N. L., ... McColl, G. (2015). Direct in vivo imaging of fer-
rous iron dyshomeostasis in ageing Caenorhabditis elegans. Chemical
Science, 6(5), 2952-2962. https://doi.org/10.1039/c55c00233h

Jellinger, K. A. (2000). Cell death mechanisms in Parkinson's disease.
Journal of Neural Transmission, 107(1), 1-29. https://doi.org/10.1007/
s007020050001

Joe,E.H.,Choi,D.J.,An, J.,Eun,J. H.,Jou, I., & Park, S.(2018). Astrocytes,
microglia, and Parkinson's disease. Experimental Neurobiology, 27(2),
77-87. https://doi.org/10.5607/en.2018.27.2.77

Jyothi, H. J,, Vidyadhara, D. J., Mahadevan, A., Philip, M., Parmar, S. K.,
Manohari, S. G, ... Alladi, P. A. (2015). Aging causes morphological
alterations in astrocytes and microglia in human substantia nigra
pars compacta. Neurobiology of Aging, 36(12), 3321-3333. https://
doi.org/10.1016/j.neurobiolaging.2015.08.024

Kam, T. I., Mao, X., Park, H., Chou, S. C., Karuppagounder, S. S., Umanah,
G. E., ... Dawson, V. L. (2018). Poly(ADP-ribose) drives pathologic
alpha-synuclein neurodegeneration in Parkinson's disease. Science,
362(6414), https://doi.org/10.1126/science.aat8407

Kanaan, N. M., Kordower, J. H., & Collier, T. J. (2010). Age-related changes
in glial cells of dopamine midbrain subregions in rhesus monkeys.
Neurobiology of Aging, 31(6), 937-952. https://doi.org/10.1016/j.
neurobiolaging.2008.07.006

Kang, Y., Viswanath, V., Jha, N., Qiao, X., Mo, J. Q., & Andersen, J. K.
(1999). Brain gamma-glutamylcysteine synthetase (GCS) mRNA


https://doi.org/10.1007/s10120-018-0836-8
https://doi.org/10.1016/j.nbd.2011.12.015
https://doi.org/10.1016/j.nbd.2011.12.015
https://doi.org/10.1038/nature09536
https://doi.org/10.1523/JNEUROSCI.20-06-02369.2000
https://doi.org/10.4103/1673-5374.202928
https://doi.org/10.4103/1673-5374.202928
https://doi.org/10.1093/brain/awh584
https://doi.org/10.1007/s00726-016-2189-0
https://doi.org/10.1073/pnas.0911175107
https://doi.org/10.1073/pnas.0911175107
https://doi.org/10.1038/s41531-016-0004-y
https://doi.org/10.1038/s41531-016-0004-y
https://doi.org/10.1093/brain/aww022
https://doi.org/10.3791/55042
https://doi.org/10.3791/55042
https://doi.org/10.1016/0169-328x(95)00278-z
https://doi.org/10.1523/JNEUROSCI.21-07-02247.2001
https://doi.org/10.1523/JNEUROSCI.21-07-02247.2001
https://doi.org/10.1002/mds.22401
https://doi.org/10.1016/j.bbrc.2009.10.025
https://doi.org/10.1016/j.bbrc.2009.10.025
https://doi.org/10.1523/JNEUROSCI.4564-03.2004
https://doi.org/10.1523/JNEUROSCI.4564-03.2004
https://doi.org/10.1186/s13024-015-0062-3
https://doi.org/10.1523/JNEUROSCI.5175-08.2009
https://doi.org/10.1523/JNEUROSCI.5175-08.2009
https://doi.org/10.1080/15384101.2019.1577666
https://doi.org/10.1080/15384101.2019.1577666
https://doi.org/10.1084/jem.20112285
https://doi.org/10.1093/hmg/ddm080
https://doi.org/10.1093/hmg/ddm080
https://doi.org/10.1002/mds.107
https://doi.org/10.1039/c5sc00233h
https://doi.org/10.1007/s007020050001
https://doi.org/10.1007/s007020050001
https://doi.org/10.5607/en.2018.27.2.77
https://doi.org/10.1016/j.neurobiolaging.2015.08.024
https://doi.org/10.1016/j.neurobiolaging.2015.08.024
https://doi.org/10.1126/science.aat8407
https://doi.org/10.1016/j.neurobiolaging.2008.07.006
https://doi.org/10.1016/j.neurobiolaging.2008.07.006

TRIST ET AL.

20 of 23 Aglng

expression patterns correlate with regional-specific enzyme activi-
ties and glutathione levels. Journal of Neuroscience Research, 58(3),
436-441.

Karaa, A., Haas, R., Goldstein, A., Vockley, J., Weaver, W. D., & Cohen,
B. H. (2018). Randomized dose-escalation trial of elamipretide in
adults with primary mitochondrial myopathy. Neurology, 90(14),
e1212-e1221. https://doi.org/10.1212/WNL.0000000000005255

Karnati, S., Luers, G., Pfreimer, S., & Baumgart-Vogt, E. (2013). Mammalian
SOD?2 is exclusively located in mitochondria and not present in per-
oxisomes. Histochemistry and Cell Biology, 140(2), 105-117. https://
doi.org/10.1007/s00418-013-1099-4

Kawamata, H., & Manfredi, G. (2010). Import, maturation, and function
of SOD1 and its copper chaperone CCS in the mitochondrial inter-
membrane space. Antioxidants & Redox Signaling, 13(9), 1375-1384.
https://doi.org/10.1089/ars.2010.3212

Khaldy, H.,Escames, G.,Leon, J., Vives, F.,Luna, J. D., & Acuna-Castroviejo,
D. (2000). Comparative effects of melatonin, L-deprenyl, Trolox and
ascorbate in the suppression of hydroxyl radical formation during do-
pamine autoxidation in vitro. Journal of Pineal Research, 29(2), 100-
107. https://doi.org/10.1034/j.1600-079X.2000.290206.x

Writing Group for the NINDS Exploratory Trials in Parkinson Disease
(NET-PD) Investigators, Kieburtz, K., Tilley, B. C., EIm, J. J., Babcock,
D., Hauser, R. ... Wills, A. M. (2015). Effect of creatine monohydrate
on clinical progression in patients with Parkinson disease: A random-
ized clinical trial. JAMA, 313(6), 584-593. https://doi.org/10.1001/
jama.2015.120

Kim, R. H., Smith, P. D., Aleyasin, H., Hayley, S., Mount, M. P., Pownall,
S., ... Mak, T. W. (2005). Hypersensitivity of DJ-1-deficient mice to
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and oxidative
stress. Proceedings of the National Academy of Sciences of the United
States of America, 102(14), 5215-5220. https://doi.org/10.1073/
pnas.0501282102

Kussmaul, L., & Hirst, J. (2006). The mechanism of superoxide produc-
tion by NADH: Ubiquinone oxidoreductase (complex |) from bovine
heart mitochondria. Proceedings of the National Academy of Sciences
of the United States of America, 103(20), 7607-7612. https://doi.
org/10.1073/pnas.0510977103

Le, W., Wu, J., & Tang, Y. (2016). Protective microglia and their regulation
in Parkinson's disease. Frontiers in Molecular Neuroscience, 9, 89. https
://doi.org/10.3389/fnmol.2016.00089

Lei, P,, Ayton, S., Finkelstein, D. I., Spoerri, L., Ciccotosto, G. D., Wright,
D. K., ... Bush, A. 1. (2012). Tau deficiency induces parkinsonism with
dementia by impairing APP-mediated iron export. Nature Medicine,
18(2), 291-295. https://doi.org/10.1038/nm.2613

Levy, O. A., Malagelada, C., & Greene, L. A. (2009). Cell death path-
ways in Parkinson's disease: Proximal triggers, distal effectors, and
final steps. Apoptosis, 14(4), 478-500. https://doi.org/10.1007/
s10495-008-0309-3

Lim, J., & Luderer, U. (2011). Oxidative damage increases and antioxidant
gene expression decreases with aging in the mouse ovary. Biology
of Reproduction, 84(4), 775-782. https://doi.org/10.1095/biolr
eprod.110.088583

Loane, C., & Politis, M. (2011). Positron emission tomography neuroimag-
ing in Parkinson's disease. American Journal of Translational Research,
3(4), 323-341.

Logroscino, G., Gao, X., Chen, H., Wing, A., & Ascherio, A. (2008). Dietary iron
intake and risk of Parkinson's disease. American Journal of Epidemiology,
168(12), 1381-1388. https://doi.org/10.1093/aje/kwn273

Lotharius, J., & Brundin, P. (2002). Pathogenesis of Parkinson's dis-
ease: Dopamine, vesicles and alpha-synuclein. Nature Reviews
Neuroscience, 3(12), 932-942. https://doi.org/10.1038/nrn983

Luna-Vargas, M. P., & Chipuk, J. E. (2016). The deadly landscape of
pro-apoptotic BCL-2 proteins in the outer mitochondrial mem-
brane. FEBS Journal, 283(14), 2676-2689. https://doi.org/10.1111/
febs.13624

Ma, S. Y., Ciliax, B. J., Stebbins, G., Jaffar, S., Joyce, J. N., Cochran,
E. J.,, .. Mufson, E. J. (1999). Dopamine transporter-immu-
noreactive neurons decrease with age in the human sub-
stantia nigra. The Journal of Comparative Neurology, 409(1),
25-37. https://doi.org/10.1002/(SIC1)1096-9861(19990
621)409:1<25:AID-CNE3>3.0.CO;2-E

Ma, S. Y., Roytt, M., Collan, Y., & Rinne, J. O. (1999). Unbiased morpho-
metrical measurements show loss of pigmented nigral neurones with
ageing. Neuropathology and Applied Neurobiology, 25(5), 394-399.
https://doi.org/10.1046/j.1365-2990.1999.00202.x

Martin, L. J., Pan, Y., Price, A. C., Sterling, W., Copeland, N. G., Jenkins,
N.A., ... Lee, M. K. (2006). Parkinson's disease alpha-synuclein trans-
genic mice develop neuronal mitochondrial degeneration and cell
death. Journal of Neuroscience, 26(1), 41-50. https://doi.org/10.1523/
JNEUROSCI.4308-05.2006

Martin, W. R., Wieler, M., & Gee, M. (2008). Midbrain iron content in
early Parkinson disease: A potential biomarker of disease status.
Neurology, 70(16 Pt 2), 1411-1417. https://doi.org/10.1212/01.
wnl.0000286384.31050.b5

Martin-Bastida, A., Ward, R. J., Newbould, R., Piccini, P., Sharp, D.,
Kabba, C., ... Dexter, D. T. (2017). Brain iron chelation by deferiprone
in a phase 2 randomised double-blinded placebo controlled clinical
trial in Parkinson's disease. Scientific Reports, 7(1), 1398. https://doi.
org/10.1038/s41598-017-01402-2

Meiser, J., Weind|, D., & Hiller, K. (2013). Complexity of dopamine me-
tabolism. Cell Communication and Signaling, 11(1), 34. https://doi.
org/10.1186/1478-811X-11-34

Mischley, L. K., Lau, R. C., Shankland, E. G., Wilbur, T. K., & Padowski, J.
M. (2017). Phase llb study of intranasal glutathione in Parkinson's
disease. Journal of Parkinson's Disease, 7(2), 289-299. https://doi.
org/10.3233/JPD-161040

Mogi, M., Togari, A., Kondo, T., Mizuno, Y., Komure, O., Kuno, S., ...
Nagatsu, T. (2000). Caspase activities and tumor necrosis factor re-
ceptor R1 (p55) level are elevated in the substantia nigra from parkin-
sonian brain. Journal of Neural Transmission, 107(3), 335-341. https://
doi.org/10.1007/s007020050028

Morais, V. A., Verstreken, P., Roethig, A., Smet, J., Snellinx, A. N,
Vanbrabant, M., ... De Strooper, B. (2009). Parkinson's disease mu-
tations in PINK1 result in decreased Complex | activity and deficient
synaptic function. EMBO Molecular Medicine, 1(2), 99-111. https://
doi.org/10.1002/emmm.200900006

Morris, G., Walker, A. J., Berk, M., Maes, M., & Puri, B. K. (2018). Cell
death pathways: A novel therapeutic approach for neuroscientists.
Molecular Neurobiology, 55(7), 5767-5786. https://doi.org/10.1007/
$12035-017-0793-y

Movement Disorder Society Task Force on Rating Scales for Parkinson's
Disease (2003). The Unified Parkinson's Disease Rating Scale
(UPDRS): Status and recommendations. Movement Disorders, 18(7),
738-750. https://doi.org/10.1002/mds.10473

Miiftiioglu, M., Elibol, B., Dalmizrak, O., Ercan, A., Kulaksiz, G., Ogis, H.,
... Ozer, N. (2004). Mitochondrial complex | and IV activities in leu-
kocytes from patients with parkin mutations. Movement Disorders,
19(5), 544-548. https://doi.org/10.1002/mds.10695

Mukherjee, J., Christian, B. T., Dunigan, K. A., Shi, B., Narayanan, T. K.,
Satter, M., & Mantil, J. (2002). Brain imaging of 18F-fallypride in nor-
mal volunteers: Blood analysis, distribution, test-retest studies, and
preliminary assessment of sensitivity to aging effects on dopamine
D-2/D-3 receptors. Synapse (New York, N. Y.), 46(3), 170-188. https://
doi.org/10.1002/syn.10128

Mufioz, P., Huenchuguala, S., Paris, I., & Segura-Aguilar, J. (2012).
Dopamine oxidation and autophagy. Parkinson's Disease, 2012, 1-13.
https://doi.org/10.1155/2012/920953

Murphy, M. P. (2009). How mitochondria produce reactive oxygen spe-
cies. The Biochemical Journal, 417(1), 1-13. https://doi.org/10.1042/
BJ20081386


https://doi.org/10.1212/WNL.0000000000005255
https://doi.org/10.1007/s00418-013-1099-4
https://doi.org/10.1007/s00418-013-1099-4
https://doi.org/10.1089/ars.2010.3212
https://doi.org/10.1034/j.1600-079X.2000.290206.x
https://doi.org/10.1001/jama.2015.120
https://doi.org/10.1001/jama.2015.120
https://doi.org/10.1073/pnas.0501282102
https://doi.org/10.1073/pnas.0501282102
https://doi.org/10.1073/pnas.0510977103
https://doi.org/10.1073/pnas.0510977103
https://doi.org/10.3389/fnmol.2016.00089
https://doi.org/10.3389/fnmol.2016.00089
https://doi.org/10.1038/nm.2613
https://doi.org/10.1007/s10495-008-0309-3
https://doi.org/10.1007/s10495-008-0309-3
https://doi.org/10.1095/biolreprod.110.088583
https://doi.org/10.1095/biolreprod.110.088583
https://doi.org/10.1093/aje/kwn273
https://doi.org/10.1038/nrn983
https://doi.org/10.1111/febs.13624
https://doi.org/10.1111/febs.13624
https://doi.org/10.1002/(SICI)1096-9861(19990621)409:1%3C25:AID-CNE3%3E3.0.CO;2-E
https://doi.org/10.1002/(SICI)1096-9861(19990621)409:1%3C25:AID-CNE3%3E3.0.CO;2-E
https://doi.org/10.1046/j.1365-2990.1999.00202.x
https://doi.org/10.1523/JNEUROSCI.4308-05.2006
https://doi.org/10.1523/JNEUROSCI.4308-05.2006
https://doi.org/10.1212/01.wnl.0000286384.31050.b5
https://doi.org/10.1212/01.wnl.0000286384.31050.b5
https://doi.org/10.1038/s41598-017-01402-2
https://doi.org/10.1038/s41598-017-01402-2
https://doi.org/10.1186/1478-811X-11-34
https://doi.org/10.1186/1478-811X-11-34
https://doi.org/10.3233/JPD-161040
https://doi.org/10.3233/JPD-161040
https://doi.org/10.1007/s007020050028
https://doi.org/10.1007/s007020050028
https://doi.org/10.1002/emmm.200900006
https://doi.org/10.1002/emmm.200900006
https://doi.org/10.1007/s12035-017-0793-y
https://doi.org/10.1007/s12035-017-0793-y
https://doi.org/10.1002/mds.10473
https://doi.org/10.1002/mds.10695
https://doi.org/10.1002/syn.10128
https://doi.org/10.1002/syn.10128
https://doi.org/10.1155/2012/920953
https://doi.org/10.1042/BJ20081386
https://doi.org/10.1042/BJ20081386

TRIST ET AL.

Murphy, M. P. (2014). Antioxidants as therapies: Can we improve on
nature? Free Radical Biology and Medicine, 66, 20-23. https://doi.
org/10.1016/j.freeradbiomed.2013.04.010

Napolitano, A., Manini, P., & d'Ischia, M. (2011). Oxidation chemistry
of catecholamines and neuronal degeneration: An update. Current
Medicinal Chemistry, 18(12), 1832-1845.

New, E. J. (2013). Tools to study distinct metal pools in biology. Dalton
Transactions, 42(9), 3210-3219. https://doi.org/10.1039/c2dt31933k

Niccolini, F., Su, P., & Politis, M. (2014). Dopamine receptor mapping with
PET imaging in Parkinson's disease. Journal of Neurology, 261(12),
2251-2263. https://doi.org/10.1007/s00415-014-7302-2

Niki, E. (2015). Evidence for beneficial effects of vitamin E. Korean
Journal of Internal Medicine, 30(5), 571-579. https://doi.org/10.3904/
kjim.2015.30.5.571

NINDS Exploratory Trials in Parkinson Disease (NET-PD) FS-ZONE
Investigators (2015). Pioglitazone in early Parkinson's disease: A phase
2, multicentre, double-blind, randomised trial. The Lancet Neurology,
14(8), 795-803. https://doi.org/10.1016/51474-4422(15)00144-1

Nutt, J. G., Carter, J. H., & Sexton, G. J. (2004). The dopamine trans-
porter: Importance in Parkinson's disease. Annals of Neurology, 55(6),
766-773. https://doi.org/10.1002/ana.20089

Olson, P. A., Tkatch, T., Hernandez-Lopez, S., Ulrich, S., llijic, E., Mugnaini,
E., ... Surmeier, D. J. (2005). G-protein-coupled receptor modulation
of striatal CaV1.3 L-type Ca2+ channels is dependent on a Shank-
binding domain. Journal of Neuroscience, 25(5), 1050-1062. https://
doi.org/10.1523/JNEUROSCI.3327-04.2005

Parihar, M. S., Parihar, A., Fujita, M., Hashimoto, M., & Ghafourifar, P.
(2008). Mitochondrial association of alpha-synuclein causes oxida-
tive stress. Cellular and Molecular Life Sciences, 65(7-8), 1272-1284.
https://doi.org/10.1007/s00018-008-7589-1

Parkinson Study Group (1993). Effects of tocopherol and deprenyl on
the progression of disability in early Parkinson's disease. New England
Journal of Medicine, 328(3), 176-183. https://doi.org/10.1056/
NEJM199301213280305

Pathak, D., Berthet, A., & Nakamura, K. (2013). Energy failure: Does it
contribute to neurodegeneration? Annals of Neurology, 74(4), 506~
516. https://doi.org/10.1002/ana.24014

Perier, C., Bove, J., Vila, M., & Przedborski, S. (2003). The rotenone model
of Parkinson's disease. Trends in Neurosciences, 26(7), 345-346. https
://doi.org/10.1016/50166-2236(03)00144-9

Perier, C., Tieu, K., Guegan, C., Caspersen, C., Jackson-Lewis, V., Carelli, V.,
... Vila, M. (2005). Complex | deficiency primes Bax-dependent neu-
ronal apoptosis through mitochondrial oxidative damage. Proceedings
of the National Academy of Sciences of the United States of America,
102(52), 19126-19131. https://doi.org/10.1073/pnas.0508215102

Perier, C., & Vila, M. (2012). Mitochondrial biology and Parkinson's dis-
ease. Cold Spring Harbor Perspectives in Medicine, 2(2), a009332.
https://doi.org/10.1101/cshperspect.a009332

Petrosillo, G., Ruggiero, F. M., Pistolese, M., & Paradies, G. (2001).
Reactive oxygen species generated from the mitochondrial electron
transport chain induce cytochrome c dissociation from beef-heart
submitochondrial particles via cardiolipin peroxidation. Possible role
in the apoptosis. FEBS Letters, 509(3), 435-438.

Pissadaki, E. K., & Bolam, J. P. (2013). The energy cost of action po-
tential propagation in dopamine neurons: Clues to susceptibility in
Parkinson's disease. Frontiers in Computational Neuroscience, 7, 13.
https://doi.org/10.3389/fncom.2013.00013

Postuma, R. B., Iranzo, A., Hu, M., Hogl, B., Boeve, B. F., Manni, R., ...
Pelletier, A. (2019). Risk and predictors of dementia and parkinson-
ism in idiopathic REM sleep behaviour disorder: A multicentre study.
Brain, 142(3), 744-759. https://doi.org/10.1093/brain/awz030

Przedborski, S., Kostic, V., Jackson-Lewis, V., Naini, A. B., Simonetti, S.,
Fahn, S., ... Cadet, J. L. (1992). Transgenic mice with increased Cu/
Zn-superoxide dismutase activity are resistant to N-methyl-4-phe-
nyl-1,2,3,6-tetrahydropyridine-induced neurotoxicity. Journal of

Aglng 210f 23

Neuroscience, 12(5), 1658-1667. https://doi.org/10.1523/JNEUR
0SCl.12-05-01658.1992

Puspita, L., Chung, S. Y., & Shim, J. W. (2017). Oxidative stress and cel-
lular pathologies in Parkinson's disease. Mol Brain, 10(1), 53. https://
doi.org/10.1186/s13041-017-0340-9

Ramsay, R. R., Krueger, M. J., Youngster, S. K., Gluck, M. R, Casida, J. E.,
& Singer, T. P. (1991). Interaction of 1-methyl-4-phenylpyridinium ion
(MPP+) and its analogs with the rotenone/piericidin binding site of
NADH dehydrogenase. Journal of Neurochemistry, 56(4), 1184-1190.

Redza-Dutordoir, M., & Averill-Bates, D. A. (2016). Activation of apop-
tosis signalling pathways by reactive oxygen species. Biochimica Et
Biophysica Acta, 1863(12), 2977-2992. https://doi.org/10.1016/j.
bbamcr.2016.09.012

Reeve, A., Simcox, E., & Turnbull, D. (2014). Ageing and Parkinson's dis-
ease: Why is advancing age the biggest risk factor? Ageing Research
Reviews, 14, 19-30. https://doi.org/10.1016/j.arr.2014.01.004

Reyes, S., Fu, Y., Double, K., Thompson, L., Kirik, D., Paxinos, G., &
Halliday, G. M. (2012). GIRK2 expression in dopamine neurons
of the substantia nigra and ventral tegmental area. The Journal
of Comparative Neurology, 520(12), 2591-2607. https://doi.
org/10.1002/cne.23051

Richardson, J. R., Quan, Y., Sherer, T. B., Greenamyre, J. T., & Miller, G.
W. (2005). Paraquat neurotoxicity is distinct from that of MPTP
and rotenone. Toxicological Sciences, 88(1), 193-201. https://doi.
org/10.1093/toxsci/kfi304

Ries, V., Silva, R. M., Oo, T. F.,, Cheng, H.-C., Rzhetskaya, M.,
Kholodilov, N., ... Burke, R. E. (2008). JNK2 and JNK3 com-
bined are essential for apoptosis in dopamine neurons of the
substantia nigra, but are not required for axon degeneration.
Journal of Neurochemistry, 107(6), 1578-1588. https://doi.
org/10.1111/j.1471-4159.2008.05713.x

Rodnitzky, R. L. (1999). Can calcium antagonists provide a neuroprotec-
tive effect in Parkinson's disease? Drugs, 57(6), 845-849. https://doi.
org/10.2165/00003495-199957060-00001

Rojo, A. |, McBean, G., Cindric, M., Egea, J.,, Lopez, M. G,, Rada, P, ...
Cuadrado, A. (2014). Redox control of microglial function: Molecular
mechanisms and functional significance. Antioxidants & Redox
Signaling, 21(12), 1766-1801. https://doi.org/10.1089/ars.2013.5745

Romo, R., & Schultz, W. (1990). Dopamine neurons of the monkey mid-
brain: Contingencies of responses to active touch during self-initi-
ated arm movements. Journal of Neurophysiology, 63(3), 592-606.
https://doi.org/10.1152/jn.1990.63.3.592

Rotig, A., Mollet, J., Rio, M., & Munnich, A. (2007). Infantile and pediat-
ric quinone deficiency diseases. Mitochondrion, 7(Suppl), $112-5121.
https://doi.org/10.1016/j.mito.2007.02.008

Ruszkiewicz, J., & Albrecht, J. (2015). Changes in the mitochondrial an-
tioxidant systems in neurodegenerative diseases and acute brain
disorders. Neurochemistry International, 88, 66-72. https://doi.
org/10.1016/j.neuint.2014.12.012

Rytomaa, M., & Kinnunen, P. K. (1995). Reversibility of the binding of cy-
tochrome c to liposomes. Implications for lipid-protein interactions.
Journal of Biological Chemistry, 270(7), 3197-3202.

Salazar, J., Mena, N., Hunot, S., Prigent, A., Alvarez-Fischer, D.,
Arredondo, M., ... Hirsch, E. C. (2008). Divalent metal transporter
1 (DMT1) contributes to neurodegeneration in animal models of
Parkinson's disease. Proceedings of the National Academy of Sciences
of the United States of America, 105(47), 18578-18583. https://doi.
org/10.1073/pnas.0804373105

Schapira, A. H. V., Cooper, J. M., Dexter, D., Clark, J. B., Jenner, P., &
Marsden, C. D. (1990). Mitochondrial complex | deficiency in
Parkinson's disease. Journal of Neurochemistry, 54(3), 823-827. https
://doi.org/10.1111/j.1471-4159.1990.tb02325.x

Schieber, M., & Chandel, N. S. (2014). ROS function in redox signaling
and oxidative stress. Current Biology, 24(10), R453-R462. https://doi.
org/10.1016/j.cub.2014.03.034


https://doi.org/10.1016/j.freeradbiomed.2013.04.010
https://doi.org/10.1016/j.freeradbiomed.2013.04.010
https://doi.org/10.1039/c2dt31933k
https://doi.org/10.1007/s00415-014-7302-2
https://doi.org/10.3904/kjim.2015.30.5.571
https://doi.org/10.3904/kjim.2015.30.5.571
https://doi.org/10.1016/S1474-4422(15)00144-1
https://doi.org/10.1002/ana.20089
https://doi.org/10.1523/JNEUROSCI.3327-04.2005
https://doi.org/10.1523/JNEUROSCI.3327-04.2005
https://doi.org/10.1007/s00018-008-7589-1
https://doi.org/10.1056/NEJM199301213280305
https://doi.org/10.1056/NEJM199301213280305
https://doi.org/10.1002/ana.24014
https://doi.org/10.1016/S0166-2236(03)00144-9
https://doi.org/10.1016/S0166-2236(03)00144-9
https://doi.org/10.1073/pnas.0508215102
https://doi.org/10.1101/cshperspect.a009332
https://doi.org/10.3389/fncom.2013.00013
https://doi.org/10.1093/brain/awz030
https://doi.org/10.1523/JNEUROSCI.12-05-01658.1992
https://doi.org/10.1523/JNEUROSCI.12-05-01658.1992
https://doi.org/10.1186/s13041-017-0340-9
https://doi.org/10.1186/s13041-017-0340-9
https://doi.org/10.1016/j.bbamcr.2016.09.012
https://doi.org/10.1016/j.bbamcr.2016.09.012
https://doi.org/10.1016/j.arr.2014.01.004
https://doi.org/10.1002/cne.23051
https://doi.org/10.1002/cne.23051
https://doi.org/10.1093/toxsci/kfi304
https://doi.org/10.1093/toxsci/kfi304
https://doi.org/10.1111/j.1471-4159.2008.05713.x
https://doi.org/10.1111/j.1471-4159.2008.05713.x
https://doi.org/10.2165/00003495-199957060-00001
https://doi.org/10.2165/00003495-199957060-00001
https://doi.org/10.1089/ars.2013.5745
https://doi.org/10.1152/jn.1990.63.3.592
https://doi.org/10.1016/j.mito.2007.02.008
https://doi.org/10.1016/j.neuint.2014.12.012
https://doi.org/10.1016/j.neuint.2014.12.012
https://doi.org/10.1073/pnas.0804373105
https://doi.org/10.1073/pnas.0804373105
https://doi.org/10.1111/j.1471-4159.1990.tb02325.x
https://doi.org/10.1111/j.1471-4159.1990.tb02325.x
https://doi.org/10.1016/j.cub.2014.03.034
https://doi.org/10.1016/j.cub.2014.03.034

TRIST ET AL.

22 of 23 Aglng

Schmidt, H. (2012). Three functional facets of calbindin D-28k.
Frontiers in Molecular Neuroscience, 5, 25. https://doi.org/10.3389/
fnmol.2012.00025

Sestili, P., Martinelli, C., Colombo, E., Barbieri, E., Potenza, L., Sartini, S.,
& Fimognari, C. (2011). Creatine as an antioxidant. Amino Acids, 40(5),
1385-1396. https://doi.org/10.1007/s00726-011-0875-5

Shih, M. C., Hoexter, M. Q., Andrade, L. A., & Bressan, R. A. (2006).
Parkinson's disease and dopamine transporter neuroimaging: A crit-
ical review. Sao Paulo Medical Journal, 124(3), 168-175. https://doi.
org/10.1590/51516-31802006000300014

Shults, C. W.,, Oakes, D., Kieburtz, K., Beal, M. F,, Haas, R., Plumb, S. ...
Parkinson Study Group (2002). Effects of coenzyme Q10 in early
Parkinson disease: Evidence of slowing of the functional decline.
Archives of Neurology, 59(10), 1541-1550. https://doi.org/10.1001/
archneur.59.10.1541

Sian, J., Dexter, D. T., Lees, A. J., Daniel, S., Agid, Y., Javoy-Agid, F,, ...
Marsden, C. D. (1994). Alterations in glutathione levels in Parkinson's
disease and other neurodegenerative disorders affecting basal gan-
glia. Annals of Neurology, 36(3), 348-355. https://doi.org/10.1002/
ana.410360305

Sidhu, A., Wersinger, C., & Vernier, P. (2004). alpha-Synuclein regulation
of the dopaminergic transporter: A possible role in the pathogen-
esis of Parkinson's disease. FEBS Letters, 565(1-3), 1-5. https://doi.
org/10.1016/j.febslet.2004.03.063

Smeyne, M., & Smeyne, R. J. (2013). Glutathione metabolism and
Parkinson's disease. Free Radical Biology and Medicine, 62, 13-25.
https://doi.org/10.1016/].freeradbiomed.2013.05.001

Smythies, J. (1996). On the function of neuromelanin. Proceedings of the
Royal Society B-Biological Sciences, 263(1369), 487-489. https://doi.
org/10.1098/rspb.1996.0073

Snow, B. J., Rolfe, F. L., Lockhart, M. M., Frampton, C. M., O'Sullivan,
J. D, Fung, V. ... Protect Study Group (2010). A double-blind, pla-
cebo-controlled study to assess the mitochondria-targeted antiox-
idant MitoQ as a disease-modifying therapy in Parkinson's disease.
Movement Disorders, 25(11), 1670-1674. https://doi.org/10.1002/
mds.23148

Su, Y., Duan, J.,, Ying, Z., Hou, Y., Zhang, Y., Wang, R., & Deng, Y. (2013).
Increased vulnerability of parkin knock down PC12 cells to hy-
drogen peroxide toxicity: The role of salsolinol and NM-salsolinol.
Neuroscience, 233, 72-85. https://doi.org/10.1016/j.neuroscien
ce.2012.12.045

Subramaniam, S. R., Vergnes, L., Franich, N. R., Reue, K., & Chesselet,
M. F. (2014). Region specific mitochondrial impairment in mice with
widespread overexpression of alpha-synuclein. Neurobiology of
Diseases, 70, 204-213. https://doi.org/10.1016/j.nbd.2014.06.017

Sulzer, D., Bogulavsky, J., Larsen, K. E., Behr, G., Karatekin, E., Kleinman,
M. H., ... Zecca, L. (2000). Neuromelanin biosynthesis is driven by
excess cytosolic catecholamines not accumulated by synaptic ves-
icles. Proceedings of the National Academy of Sciences of the United
States of America, 97(22), 11869-11874. https://doi.org/10.1073/
pnas.97.22.11869

Sun, Y., Pham, A. N., Hare, D. J., & Waite, T. D. (2018). Kinetic modeling
of pH-dependent oxidation of dopamine by iron and its relevance
to Parkinson's disease. Frontiers in Neuroscience, 12, 859. https://doi.
org/10.3389/fnins.2018.00859

Sun, Z., Asmann, Y. W,, Kalari, K. R., Bot, B., Eckel-Passow, J. E., Baker,
T.R., ... Thompson, E. A. (2011). Integrated analysis of gene expres-
sion, CpG island methylation, and gene copy number in breast can-
cer cells by deep sequencing. PLoS ONE, 6(2), e17490. https://doi.
org/10.1371/journal.pone.0017490

Svennerholm, L., Bostrom, K., & Jungbjer, B. (1997). Changes in weight
and compositions of major membrane components of human brain
during the span of adult human life of Swedes. Acta Neuropathologica,
94(4), 345-352. https://doi.org/10.1007/s004010050717

Szeto, H. H., & Schiller, P. W. (2011). Novel therapies targeting inner
mitochondrial membrane-from discovery to clinical develop-
ment. Pharmaceutical Research, 28(11), 2669-2679. https://doi.
org/10.1007/s11095-011-0476-8

Tauskela, J. S. (2007). MitoQ-A mitochondria-targeted antioxidant.
Idrugs, 10(6), 399-412.

Thiruchelvam, M., Prokopenko, O., Cory-Slechta, D. A., Richfield, E.
K., Buckley, B., & Mirochnitchenko, O. (2005). Overexpression of
superoxide dismutase or glutathione peroxidase protects against
the paraquat + maneb-induced Parkinson disease phenotype.
Journal of Biological Chemistry, 280(23), 22530-22539. https://doi.
org/10.1074/jbc.M500417200

Tribl, F., Arzberger, T., Riederer, P., & Gerlach, M. (2007). Tyrosinase is
not detected in human catecholaminergic neurons by immunohisto-
chemistry and Western blot analysis. Journal of Neural Transmission,
(72), 51-55.

Trist, B. G., Davies, K. M., Cottam, V., Genoud, S., Ortega, R., Roudeau,
S., ... Double, K. L. (2017). Amyotrophic lateral sclerosis-like super-
oxide dismutase 1 proteinopathy is associated with neuronal loss in
Parkinson's disease brain. Acta Neuropathologica, 134(1), 113-127.
https://doi.org/10.1007/s00401-017-1726-6

Trist, B. G., Fifita, J. A., Freckleton, S. E., Hare, D. J.,, Lewis, S. J. G.,
Halliday, G. M., ... Double, K. L. (2018). Accumulation of dysfunc-
tional SOD1 protein in Parkinson's disease is not associated with mu-
tations in the SOD1 gene. Acta Neuropathologica, 135(1), 155-156.
https://doi.org/10.1007/s00401-017-1779-6

Trist, B. G., Hare, D. J., & Double, K. L. (2018). A proposed mechanism for
neurodegeneration in movement disorders characterized by metal
dyshomeostasis and oxidative stress. Cell Chemical Biology, 25(7),
807-816. https://doi.org/10.1016/j.chembiol.2018.05.004

Tysnes, O. B., & Storstein, A. (2017). Epidemiology of Parkinson's dis-
ease. Journal of Neural Transmission, 124(8), 901-905. https://doi.
org/10.1007/s00702-017-1686-y

Venderova, K., & Park, D. S. (2012). Programmed cell death in Parkinson's
disease. Cold Spring Harbor Perspectives in Medicine, 2(8), a0D09365.
https://doi.org/10.1101/cshperspect.a009365

Venkateshappa, C., Harish, G., Mythri, R. B., Mahadevan, A., Bharath,
M. M., & Shankar, S. K. (2012). Increased oxidative damage and
decreased antioxidant function in aging human substantia nigra
compared to striatum: Implications for Parkinson's disease.
Neurochemical Research, 37(2), 358-369. https://doi.org/10.1007/
s11064-011-0619-7

Vilhardt, F., Haslund-Vinding, J., Jaquet, V., & McBean, G. (2017).
Microglia antioxidant systems and redox signalling. British Journal
of Pharmacology, 174(12), 1719-1732. https://doi.org/10.1111/
bph.13426

Wang, J.-Y., Zhuang, Q.-Q., Zhu, L.-B., Zhu, H., Li, T, Li, R., ... Zhu, J.-H.
(2016). Meta-analysis of brain iron levels of Parkinson's disease pa-
tients determined by postmortem and MRI measurements. Scientific
Reports, 6, 36669. https://doi.org/10.1038/srep36669

Weidinger, A., & Kozlov, A. V. (2015). Biological activities of reactive ox-
ygen and nitrogen species: Oxidative stress versus signal transduc-
tion. Biomolecules, 5(2), 472-484. https://doi.org/10.3390/biom5
020472

West, J. D., & Marnett, L. J. (2006). Endogenous reactive intermediates
as modulators of cell signaling and cell death. Chemical Research in
Toxicology, 19(2), 173-194. https://doi.org/10.1021/tx050321u

Westlund, K. N., Denney, R. M., Rose, R. M., & Abell, C. W. (1988).
Localization of distinct monoamine oxidase A and monoamine ox-
idase B cell populations in human brainstem. Neuroscience, 25(2),
439-456. https://doi.org/10.1016/0306-4522(88)90250-3

Wong, B. X., Tsatsanis, A., Lim, L. Q., Adlard, P. A, Bush, A. I., & Duce, J.
A. (2014). beta-Amyloid precursor protein does not possess ferroxi-
dase activity but does stabilize the cell surface ferrous iron exporter


https://doi.org/10.3389/fnmol.2012.00025
https://doi.org/10.3389/fnmol.2012.00025
https://doi.org/10.1007/s00726-011-0875-5
https://doi.org/10.1590/S1516-31802006000300014
https://doi.org/10.1590/S1516-31802006000300014
https://doi.org/10.1001/archneur.59.10.1541
https://doi.org/10.1001/archneur.59.10.1541
https://doi.org/10.1002/ana.410360305
https://doi.org/10.1002/ana.410360305
https://doi.org/10.1016/j.febslet.2004.03.063
https://doi.org/10.1016/j.febslet.2004.03.063
https://doi.org/10.1016/j.freeradbiomed.2013.05.001
https://doi.org/10.1098/rspb.1996.0073
https://doi.org/10.1098/rspb.1996.0073
https://doi.org/10.1002/mds.23148
https://doi.org/10.1002/mds.23148
https://doi.org/10.1016/j.neuroscience.2012.12.045
https://doi.org/10.1016/j.neuroscience.2012.12.045
https://doi.org/10.1016/j.nbd.2014.06.017
https://doi.org/10.1073/pnas.97.22.11869
https://doi.org/10.1073/pnas.97.22.11869
https://doi.org/10.3389/fnins.2018.00859
https://doi.org/10.3389/fnins.2018.00859
https://doi.org/10.1371/journal.pone.0017490
https://doi.org/10.1371/journal.pone.0017490
https://doi.org/10.1007/s004010050717
https://doi.org/10.1007/s11095-011-0476-8
https://doi.org/10.1007/s11095-011-0476-8
https://doi.org/10.1074/jbc.M500417200
https://doi.org/10.1074/jbc.M500417200
https://doi.org/10.1007/s00401-017-1726-6
https://doi.org/10.1007/s00401-017-1779-6
https://doi.org/10.1016/j.chembiol.2018.05.004
https://doi.org/10.1007/s00702-017-1686-y
https://doi.org/10.1007/s00702-017-1686-y
https://doi.org/10.1101/cshperspect.a009365
https://doi.org/10.1007/s11064-011-0619-7
https://doi.org/10.1007/s11064-011-0619-7
https://doi.org/10.1111/bph.13426
https://doi.org/10.1111/bph.13426
https://doi.org/10.1038/srep36669
https://doi.org/10.3390/biom5020472
https://doi.org/10.3390/biom5020472
https://doi.org/10.1021/tx050321u
https://doi.org/10.1016/0306-4522(88)90250-3

TRIST ET AL.

ferroportin. PLoS ONE, 9(12), e114174. https://doi.org/10.1371/
journal.pone.0114174

Wau, R. M, Chiueh, C. C., Pert, A., & Murphy, D. L. (1993). Apparent anti-
oxidant effect of I-deprenyl on hydroxyl radical formation and nigral
injury elicited by MPP+ in vivo. European Journal of Pharmacology,
243(3), 241-247. https://doi.org/10.1016/0014-2999(93)20181-G

Xing, K. Y., & Lou, M. F. (2010). Effect of age on the thioltransferase (glu-
taredoxin) and thioredoxin systems in the human lens. Investigative
Ophthalmology & Visual Science, 51(12), 6598-6604. https://doi.
org/10.1167/iovs.10-5672

Xu, J., Kao, S. Y, Lee, F. J,, Song, W., Jin, L. W., & Yankner, B. A. (2002).
Dopamine-dependent neurotoxicity of alpha-synuclein: A mecha-
nism for selective neurodegeneration in Parkinson disease. Nature
Medicine, 8(6), 600-606. https://doi.org/10.1038/nm0602-600

Xu, Y., Stokes, A. H., Freeman, W. M., Kumer, S. C., Vogt, B. A., & Vrana, K.
E. (1997). Tyrosinase mRNA is expressed in human substantia nigra.
Brain Research. Molecular Brain Research, 45(1), 159-162.

Yamada, M., Iwatsubo, T., Mizuno, Y., & Mochizuki, H. (2004).
Overexpression of alpha-synuclein in rat substantia nigra results in
loss of dopaminergic neurons, phosphorylation of alpha-synuclein
and activation of caspase-9: Resemblance to pathogenetic changes
in Parkinson's disease. Journal of Neurochemistry, 91(2), 451-461.
https://doi.org/10.1111/j.1471-4159.2004.02728.x

Yavich, L., Tanila, H., Vepsalainen, S., & Jakala, P. (2004). Role of
alpha-synuclein in presynaptic dopamine recruitment. Journal of
Neuroscience, 24(49), 11165-11170. https://doi.org/10.1523/JNEUR
0SCl.2559-04.2004

Zecca, L., Casella, L., Albertini, A., Bellei, C., Zucca, F. A., Engelen, M.,
... Sarna, T. (2008). Neuromelanin can protect against iron-mediated
oxidative damage in system modeling iron overload of brain aging

Aglng 23 of 23

and Parkinson's disease. Journal of Neurochemistry, 106(4), 1866-
1875. https://doi.org/10.1111/j.1471-4159.2008.05541.x

Zecca, L., Wilms, H., Geick, S., Claasen, J.-H., Brandenburg, L.-O.,
Holzknecht, C., ... Lucius, R. (2008). Human neuromelanin induces
neuroinflammation and neurodegeneration in the rat substantia
nigra: Implications for Parkinson's disease. Acta Neuropathologica,
116(1), 47-55. https://doi.org/10.1007/s00401-008-0361-7

Zeevalk, G. D., Razmpour, R., & Bernard, L. P. (2008). Glutathione and
Parkinson's disease: Is this the elephant in the room? Biomedicine
& Pharmacotherapy, 62(4), 236-249. https://doi.org/10.1016/j.
biopha.2008.01.017

Zhou, W., & Freed, C. R. (2005). DJ-1 up-regulates glutathione synthesis
during oxidative stress and inhibits A53T alpha-synuclein toxicity.
Journal of Biological Chemistry, 280(52), 43150-43158. https://doi.
org/10.1074/jbc.M507124200

Zhou, Z. D., Lan, Y. H., Tan, E. K., & Lim, T. M. (2010). Iron species-medi-
ated dopamine oxidation, proteasome inhibition, and dopaminergic
cell demise: Implications for iron-related dopaminergic neuron de-
generation. Free Radical Biology and Medicine, 49(12), 1856-1871.
https://doi.org/10.1016/j.freeradbiomed.2010.09.010

How to cite this article: Trist BG, Hare DJ, Double KL.
Oxidative stress in the aging substantia nigra and the etiology
of Parkinson's disease. Aging Cell. 2019;18:e13031. https://doi.
org/10.1111/acel. 13031



https://doi.org/10.1371/journal.pone.0114174
https://doi.org/10.1371/journal.pone.0114174
https://doi.org/10.1016/0014-2999(93)90181-G
https://doi.org/10.1167/iovs.10-5672
https://doi.org/10.1167/iovs.10-5672
https://doi.org/10.1038/nm0602-600
https://doi.org/10.1111/j.1471-4159.2004.02728.x
https://doi.org/10.1523/JNEUROSCI.2559-04.2004
https://doi.org/10.1523/JNEUROSCI.2559-04.2004
https://doi.org/10.1111/j.1471-4159.2008.05541.x
https://doi.org/10.1007/s00401-008-0361-7
https://doi.org/10.1016/j.biopha.2008.01.017
https://doi.org/10.1016/j.biopha.2008.01.017
https://doi.org/10.1074/jbc.M507124200
https://doi.org/10.1074/jbc.M507124200
https://doi.org/10.1016/j.freeradbiomed.2010.09.010
https://doi.org/10.1111/acel.13031
https://doi.org/10.1111/acel.13031

